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Abstract 

 

Flowering plants account for the 30 crops that provide 95 % of the food for humans. The 

reproduction of this group depends on the production of two twin sperms. The 

establishment of the male germline lineage requires the transcription factor DUO 

POLLEN 1 (DUO1). DUO1 is required for both the cell cycle progression and sperm cell 

differentiation. This thesis focused on the origin of DUO1 and its target regulation. 

Much work was dedicated in searching the evolutionary origin of DUO1 in the R2R3 

MYB clade. Based on the analysis of sequences homologous to DUO1 and its sister clade 

GAMYB, the earliest DUO1 homolog was identified in the green algae. The DUO1 clade 

did not proliferate after multiple polyploidy events, possibly restricted by its male 

germline-specific role supported by transcriptome data. The ancestral DUO1 experienced 

a major MYB domain sequence change in the bryophytes and a second change in the C-

terminus in the angiosperms. The MYB domain changes caused a change in the target 

DNA sequence, which has then been conserved among Embryophyta DUO1 homologs. 

Another change also happened in the region where a miR159 binding site is present in 

most angiosperm DUO1 homologs. Sequence and functional analysis showed that this 

change evolved long before the emergence of miR159. The changes in the C-terminus of 

DUO1 led to a higher target promoter activation capability in the angiosperm homologs, 

which was confirmed by functional tests of the angiosperm and bryophyte DUO1. This 

C-terminal region contains the transactivation domain (TAD) of DUO1 and certain 

functionally important motifs were highlighted in the study. While these motifs indicated 

that DUO1 was a member of a TAD family, it was also demonstrated that unknown 

sequences carry critical features for activation. Together these results mapped the 

evolution history of DUO1 in the Streptophyta lineage.  
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“There is a grandeur in this view of life, with its several powers, having been 

originally breathed into a few forms or into one; and that, whilst this planet 

has gone cycling on according to the fixed law of gravity, from so simple a 

beginning endless forms most beautiful and most wonderful have been, and 

are being, evolved.” On the Origin of Species 

- Charles Darwin 
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Chapter 1 Literature Review 

 

1.1 Plant male germline and double fertilisation 

The flowering plants, or angiosperms, make up around 90 % of all plants species on earth 

today. These plants also account for about 95 % of the food source for humans. 

Angiosperms, like all other land plants, experience the alternation of generations in their 

life cycles, in which a sexual haploid gametophyte (n) alternates with an asexual diploid 

sporophyte (2n). The sporophyte produces spores (n) through meiosis, which then grow 

into a haploid gametophyte (n).  

In animals, the separation of the reproductive cells and somatic cells happens in the early 

embryo stage (Strome and Lehmann, 2007). On the contrary, the stem cells of the 

flowering plants remain undifferentiated in the meristems and germline cell fate is 

determined in the stamen and ovary. Meiosis marks the transition from the sporophytic 

generation to the gametophytic generation (Bhatt et al., 2001, Wilson and Yang, 2004).  

Both male and female gametophytes (MG & FG) will continue the differentiation process 

by going through more cell divisions. The FG usually develop in to  multicellular 

structures with two cells, the egg cell and the central cell each of which fuse with a single 

sperm cell upon fertilisation. In the process of FG development, three out of the four 

initially produced megaspores undergo programmed cell death (Yadegari and Drews, 

2004, Yang et al., 2010). 

For the male lineages, each microspore will go through an asymmetric division, which is 

the establishment of the germline (Twell et al., 1998). Then the reproductive cell has to 

finish a round of mitosis before the pollen grain is finally mature. In contrary to the 

female megaspores, no microspore is lost during the development (Twell, 2011). The two 

sperm cells will fertilize the egg cell and the central cell, producing the embryo and the 

endosperm, respectively. This process of double fertilization greatly benefits the seed 

production (Walbot and Evans, 2003, Berger and Twell, 2011). It is believed that the 

nutritious pollen grains were also responsible for the angiosperm-pollinator coevolution, 

which contributed to the diversity of this clade (Lunau, 2004, Hu et al., 2008). 
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Figure 1. 1 Differences in animal and plant reproduction. 

The animal germlines have their cell fate decided early in embryogenesis, and undergo meiosis 

later in life. Flowering plants establish a true germline only in a reproductive phase, and not 

until the two mitosis after the meiosis is complete. The two differentiated sperm cells in a 

pollen grain would eventually fuse with the female egg cell and central cell to produce an 

embryo and an endosperm. Diagram based on Walbot and Evans, 2003. 

 

Despite having a highly reduced haploid gametophyte generation, there are numerous 

genes and networks involved in the flowering plants male germline development (Borg 

et al., 2009). A pollen transcriptome of Arabidopsis thaliana showed that 40 % of the 

mRNAs detected were pollen-specific (Honys and Twell, 2003). The development of the 

MG is accompanied by the magnitude increase of the MG-specific transcript ratio (Honys 

and Twell, 2004).  

Recent advances in the field have made a number of tools becoming available, such as 

Plant Male Reproduction Database PMRD (Cui et al., 2012), FlowerNet (Pearce et al., 

2015), or more comprehensive databases that includes all types of eukaryotes, like 

MeioBase (Li et al., 2014a), Tree of Sex (Ashman et al., 2014). These tools have become 

very helpful in understanding the relationships between reproductive genes and 

developmental processes in flowering plants. For example, microarray data were used in 

the recent discovery that the ABORTED MICROSPORES (AMS) is required for early and 

late pollen formation (Ferguson et al., 2017). 
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1.2 DUO1 and male germline development 

DUO POLLEN 1 (DUO1) is a key regulator of male germline development in plants. It 

is required for both sperm cell division and differentiation (Durbarry et al., 2005, Rotman 

et al., 2005, Borg et al., 2011). Studies of some direct DUO1 target genes, including the 

DUO1 activated zinc finger (DAZ) proteins DAZ1, DAZ2, DAZ3 and DAZ3-like, and the 

male germline-specific histone H3 variant (H3.10) termed HTR10, suggest they form a 

network controlling the male germline cells development (Brownfield et al., 2009a, Borg 

et al., 2011, Borg et al., 2014). 

Little was known about DUO1 when it was first sequenced in the year 2000 with the 

whole Arabidopsis thaliana chromosome 3 (Kaul et al., 2000). It was labelled as MYB125 

due to its R2R3 MYB domain. The DUO1 gene accession number is GI: 18411615 and 

the TAIR is At3g60460. In the first phylogenetic study of the MYB family proteins that 

included the DUO1 locus (identified as At3g60460), it was grouped with a clade of other 

R2R3 MYB proteins known as the GAMYB family (Jiang et al., 2004). It was pointed 

out that DUO1 and all of the GAMYB family genes possess a potential miR159 binding 

site. 

In 2005, two classes of A. thaliana mutants affecting pollen development were described 

that contain only one reproductive cell, instead of two (Durbarry et al., 2005). They were 

named duo pollen 1 (duo1) and duo pollen 2 (duo2) as germ cell division was blocked, 

leaving the mature pollen grains with only a vegetative cell and a single undivided 

generative cell rather than two sperm cells. The study also showed that the duo1-1 mutant 

pollen failed to go through the G2-M transition (Durbarry et al., 2005). In the same year, 

an additional allele duo1-2 was identified and the mutations responsible for these loss of 

function alleles were described (Rotman et al., 2005). It identified DUO1 as a R2R3 

MYB transcription factor (TF) containing a supernumerary lysine residue compared to 

other plant MYB sequences at position 58, which is labelled as the Lysine 66 due to its 

position in the A. thaliana DUO1 sequence (Rotman et al., 2005). In this study a 

previously identified tobacco protein known as B25 (Kyo et al., 2003), a rice putative 

protein, and three maize predicted proteins were also considered DUO1 homologs, 

identifying apparent DUO1 homologs in dicots and monocots. More DUO1 homologs 

were identified later in Physcomitrella patens and Selaginella moellendorffii (Brownfield 

et al., 2009a). The pre-angiosperm sequences however were incomplete, poorly 
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annotated at the time and not consistent with the latest prediction of the sequences, as the 

C-terminal regions were either missing or incorrect. 

In the following studies, several important genes were found to be regulated by DUO1 

such as GCS1, GEX, and CYCB1;1, which were later regarded as direct targets based on 

the DUO1 binding site (Borg et al., 2011). With more genes identified as being controlled 

by DUO1, a male germline regulatory network model was established, with DUO1 being 

the master regulator to control other key germline specific transcription factors such as 

DAZ1 and DAZ2. (Borg et al., 2011, Borg et al., 2014). 

Brownfield et al., 2009 described the roles of DUO1 in promoting cell differentiation as 

well as in cell division, which is very unusual for a single regulator. There were 

previously known examples of one gene that regulates both processes, like FAMA in A. 

thaliana stomatal development that has been shown to coordinate both processes by 

promoting differentiation and halting cell division (Ohashi-Ito and Bergmann, 2006), and 

Pax-3 in vertebrates that promotes the cell cycle through locking cells in an 

undifferentiated state (Lang et al., 2005, Doddrell et al., 2012). A rare example of Cyclin 

D1-3 in human performs similar positive regulations on both processes like DUO1 

(Pauklin et al., 2016). It is required for the G1-S progression in the cell cycle, and controls 

cell fate decisions in human pluripotent stem cells. The plant male reproduction related 

PTC1, a PHD transcription factor involved in the GAMYB pathway (Aya et al., 2009), 

controls the tapetal cell apoptosis (a process closely linked to cell cycle (Pucci et al., 

2000)) and pollen formation in Oryza sativa (Li et al., 2011a). These processes also 

require the involvement of MYB80/103 (Phan et al., 2011, Phan et al., 2012, Xu et al., 

2014b), a downstream regulator of AMS (Lou et al., 2014, Ferguson et al., 2017). 

Understanding of the cell cycle in the plant male germline has been established over the 

years (Figure 1. 2 A). Fundamentally speaking, just like other eukaryotic organisms, plant 

cell cycle is controlled by the cyclin-dependant kinases (CDKs). Specifically, CDKA is 

vital for both G1-S and G2-M transitions (Inze and De Veylder, 2006). In A. thaliana, 

only one homolog CDKA;1 exists, and is essential for the pollen mitosis II (PM II) that 

produces two sperms cells. There is only one sperm-like cell, although fertile per se, in 

the cdka;1 mutant and it preferentially fuses with the egg cell (Iwakawa et al., 2006). 

There are two known Kip-related proteins (KRPs) that inhibit CDKA;1 in the male 

germline, KRP6, and KRP7, and they are targeted by an F-box protein FBL17 that forms 
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an SKP1-Cullin1-F-box protein (SCF) E3 ubiquitin ligase complex (SCFFBL17) (Verkest 

et al., 2005, Kim et al., 2008a). Similarly, DUO POLLEN 1 (DUO1) and DUO POLLEN 

3 (DUO3) are also essential for the G2-M transition during pollen mitosis II in A. thaliana 

(Brownfield et al., 2009a, Brownfield et al., 2009b). For DUO1, the cell cycle 

progression function is DAZ1/2-dependant (Borg et al., 2014). 

In contrast, the cell differentiation processes in male germline are less well studied. 

Currently many processes and genes have been identified as being involved in pollen 

development. For example, the pollen-specific LAT52 is required for pollen hydration 

and pollen tube growth (Twell et al., 1990, Twell et al., 1991, Tang et al., 2002). The 

tapetum-specific AMS is associated with tapetal function and pollen wall formation (Xu 

et al., 2010, Xu et al., 2014a, Ferguson et al., 2017). The more intriguing genes in our 

understanding of the germline cell fate decisions are the male germline-specific ones, 

like the generative cell-specific protein gene GCS1 (HAP2) which is required for pollen 

tube guidance and gamete fusion (von Besser et al., 2006, Wong and Johnson, 2010). 

Another such case is the GAMETE EXPRESS 2 (GEX2), which is essential for the gamete 

attachment in A. thaliana (Mori et al., 2014). For the histone H3 variant H3.10 (or HTR10 

for the gene), its specific function is yet to be discovered (Okada et al., 2005, Borg and 

Berger, 2015). Interestingly, although DAZ1/2 alone cannot properly facilitate the cell 

differentiation, the presence of at least one is still required (Borg et al., 2014). Unlike the 

aforementioned cdka;1 mutant, the daz double mutant sperm-like cell is not fertile. This 

makes DAZ1/2 transcription factors required for both cell division and differentiation, 

just like DUO1. 

In the absence of DUO1 (Figure 1. 2 C), although the microspore still goes through the 

asymmetric division during the pollen mitosis I, the bicellular pollen cannot mature into 

tricellular pollen. Unlike the sperm-like cell in cdka;1, the germ cell in duo1 is not fertile, 

nor does it express the male germline-specific histone H3 variant HTR10 marker.  
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Figure 1. 2 DUO1 is critical for G2-M cell cycle progression and sperm cell maturation. 

A. Male germline development and cell cycle schematics adapted from Twell, 2011. Cell cycle 

progression regulators are mapped in the context of gametophyte mutations (Berger and Twell, 

2011, Twell, 2011). In duo1 mutants, the germ cell fail to divide and develop into two sperm 

cells. B - D. The functions of DUO1 are typically measured by the ability to promote cell 

division and differentiation. The pollen grains were captured under the florescent microscopy 

by (Borg et al., 2014). The GFP was attached to the nucleus locating histone H2B, and driven 

by the DUO1 direct target and germline-specific HTR10 promoter to mark cell differentiation. 

Transgenes used for complementation studies were labelled with certain form of red 

florescence protein (RFP), such as mCherry. (B) WT tricellular pollen (TCP) with GFP signal. 

(C) duo1-1 bicelluar pollen (BCP, cell cycle defect) with no GFP signal (cell development 

defect). (D) Expression of DAZ1 in duo1-1 mutant rescues cell division (TCP), but not cell 

differentiation indicated by the lack of GFP expression. 
 



Chapter 1    Literature Review 

7 

 

After the discovery of DUO1 functioning as a regulator for cell division and 

differentiation in A. thaliana, it has been suggested that these two processes are regulated 

by a conserved DUO1 network. This conservation was later extended to a range of anther 

and pollen developmental pathways (Gomez et al., 2015). The expression patterns for 

DUO1 homologs in other species also suggest that they all have conserved functions in 

these two aspects, at least within angiosperms where cell cycle progression is required 

for the male germline development process (see Chapter 3). 

This idea can be confirmed by complementing the duo1 phenotypes in A. thaliana using 

the aforementioned DUO1 homologs. Much of these functional complementation 

analyses were performed by Dr Ugur Sari (Sari, 2015). The details of the rice and tomato 

DUO1 homologs complementation experiments are described here as an example of how 

functional tests are typically performed. The rice OsDUO1 cDNA was amplified from 

anther RNA from Oryza sativa japonica 9522 as described in Li et al., (2010). Similarly, 

the tomato (Solanum lycopersicum) SlDUO1A and SlDUO1B cDNA was prepared as 

described by Sari, 2015. The OsDUO1 complementation was done using the duo1-1 GFP 

marker line detailed in Chapter 2, while SlDUO1A/B was tested on the heterozygous 

duo1-4 lines thus the result does not include transactivation ability.  

Sari, 2015 reported that both the rice and one of the tomato (A) DUO1 homologues were 

able to rescue the failure of germ cell division and differentiation in duo1-1 pollen in A. 

thaliana. For promDUO1:AtDUO1-mCherry and promDUO1:OsDUO1-mCherry (a 

form of RFP), germ cell division rescue was determined by scoring the increase in the 

percentage of tricellular pollen, which can vary from 50 % (no rescue) to 75 % (full 

rescue). Gamete differentiation was evaluated by calculating the proportion of cells 

which express the germ cell-specific marker, promHTR10:H2B-GFP, and by 

determining the transmission efficiency of the duo1-1 allele based upon antibiotic 

resistance of seedlings resulting from crosses to homozygous male sterile ms1 pistils. For 

transactivation, heterozygous duo1-1 plants showed no significant deviation from the 

predicted values of 50 % TCP and 50 % GFP positive pollen.  

In Sari, 2015 five independent single insertion T1 lines of promDUO1:AtDUO1-

mCherry showed no significant deviation from the theoretical value of 75 %. Two 

independent single insertion T1 lines (~50% RFP+) of promDUO1:OsDUO1-mCherry 

were screened and scored in detail. Interestingly, they also showed no significant 
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deviation from the theoretical value of 75 %, suggesting that OsDUO1 was as efficient 

as AtDUO1. SlDUO1A also demonstrated a full cell cycle defect rescue with the 

TCP:BCP=732:280 (2.6:1, not significant from 3:1, significant from 1:1) in eight single 

insertion T1 lines. However, due to the lack of expression for SlDUO1B, we do not have 

any evidence for its ability in planta. This phenomenon is not unique to just SlDUO1B 

though. Both DUO1 homologs from Physcomitrella patens (PpDUO1A and PpDUO1B) 

and Amborella trichopoda failed to express in the pollen. This is possibly due to protein 

instability in the artificial environments. The ability to rescue duo1-1 male transmission was 

evaluated using two T1 lines for promDUO1:AtDUO1-mCherry and promDUO1:OsDUO1-

mCherry, and three lines for promDUO1:SlDUO1A-mCherry. The percentages of PPT resistant 

seedling observed did not deviate significantly from the theoretical maximum value of 67 % 

(Figure 1. 3). 

The dual-luciferase transient assays provided a quantified level of target promoter 

activation and had been used in many cases to determine the functional abilities for the 

angiosperm DUO1 homologs (Figure 1. 4). 

Note that the tools used in the research described as “promoters” are the regions of around 

1000 bp upstream of the start codon ATG. These regions should be considered to include 

all types of cis-regulatory elements like enhancers or insulators. Unless specified, all 

promoters or “prom” in the names of constructs refer to these regions. 

 

 
Figure 1. 3 Diagram of transmission measurement using PPT resistance. 

The gametophytic transmission nature of DUO1 ensures that the fertility of 25 % of the gametes 

are dependent on the transgene, causing a range of antibiotic resistant seedling ratios. 
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Figure 1. 4 Examples of DUO1 homologs in vivo test using known Arabidopsis thaliana 

DUO1 direct target promoters in tobacco leaves. 

Rice and tomato DUO1 homologs have been tested on both the HTR10 and DAZ1 promoters. 

The promHTR10 is more sensitive and is ideal for transactivation measurement, although 

promDAZ1 shows very similar trend at a lower level. Raw reinterpreted from Sari, 2015. 

 

1.3 The MYB protein family 

DUO1 belongs to one of the most abundant family in plants, the MYB family (Rotman 

et al., 2005). In 1982, the first MYB gene v-myb, an avian myeloblastosis virus oncogene, 

was sequenced (Klempnauer et al., 1982). Other MYB family members like A-myb, B-

myb and C-myb were also found in vertebrates and proven to regulate proliferation, 

differentiation, and apoptosis (Weston, 1998, Oh and Reddy, 1999, Beall et al., 2002). 

The first MYB gene identified in plants was the c1 locus of Zea mays, also known as 

ZmMYBC1, which was thought to act as a transcription factor (Paz-Ares et al., 1987, 

Cone et al., 1993). Despite the highly diversified sequences of the MYB family genes 

(Ito, 2005), they all share a conserved DNA-binding domain (Peters et al., 1987), known 

as the MYB domain. The MYB domain consists of up to three imperfectly conserved 

repeats (R1, R2 and R3), which usually have 51 to 53 amino acids. The regularly spaced 

tryptophan residues within each repeat, normally three separated by 18 to 19 amino acids, 

is the most distinctive feature of all the MYB proteins (Saikumar et al., 1990). These 

tryptophan residues, flanked by basic amino acids, are essential for maintaining the helix-

turn-helix structure of the DNA binding domain. They form a hydrophobic core and 

arrange the adjacent amino acids in the appropriate place to interact with the sequence-

specific target DNA (Saikumar et al., 1990, Heim et al., 2003).  

There is a huge difference in the MYB protein numbers between plants and animals. So 

far only a few MYB proteins were identified in animals. It seems there is only one MYB 

transcription factor in most invertebrates and three in vertebrates (Lipsick, 1996, 
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Andrejka et al., 2011). On the contrary, the numbers of MYB-related proteins in plants 

are highly abundant due to gene duplications and divergence (Martin and Paz-Ares, 1997, 

Jin and Martin, 1999, Feller et al., 2011). Results from the EST analysis identified about 

30 MYB genes in Petunia hybrida (Avila et al., 1993), over 80 in Zea mays (Rabinowicz 

et al., 1999) and 200 in the genus Gossypium (Cedroni et al., 2003). The systematic 

analysis of the genomes of Arabidopsis thaliana and Oryza sativa detected 198 and 183 

in each (Yanhui et al., 2006). 

Many studies have been performed in the plant MYB proteins and now the understanding 

of their roles are, though still not very clear, much better. Their involvement was found 

in many processes. For example, the cell division cycle 5 (CDC5), a cell cycle regulator, 

is critical for G2-M transition in A. thaliana just as it is in yeast and animals (Lin et al., 

2007).  It was first found in Schizosaccharomyces pombe and confirmed to be conserved 

in fungi, animals, and plants (Ohi et al., 1994, Ohi et al., 1998). Later, it was hypothesized 

to form a complex involved in the process of innate immunity which seems to be 

conserved across plant and animal kingdoms (Palma et al., 2007). Although the 

mechanisms of the AtCDC5 involvement in growth and immunity are still unclear, it was 

suggested that CDC5 might function as a transcription factor of the microRNAs, or act 

in the posttranscriptional processing of the primary miRNAs. The pleiotropic effect of 

AtCDC5 fits the feature of microRNAs involvement in different biological processes 

(Zhang et al., 2013). 

As shown in the case of CDC5, cell cycle is one of the many biological processes that 

are regulated by MYB proteins (Weston, 1998, Oh and Reddy, 1999). MYB11 is another 

MYB protein that is crucial for cell cycle progression (Petroni et al., 2008), and these are 

just two of many. Many studies have shown the critical rules of some MYB proteins in 

animals, like the B-myb (Lam and Watson, 1993, Joaquin and Watson, 2003) and C-myb 

(Nakata et al., 2007). Their control over G2-M cell cycle transition is essential and studies 

in tobacco cells seem to suggest it is also the case in plants (Ito et al., 1998, Ito et al., 

2001, Araki et al., 2004). The G2-M phase-specific B-type cyclin genes (CYCB1) have a 

mitosis-specific activator (MSA) element in their promoters (Ito et al., 1998). It is the 

target of three 3R MYB proteins in tobacco, NtMYBA1, NtMYBA2, and NtMYBB. The 

first two genes activated the MSA-containing promoters in the transient assays, while the 

activation was reduced at the presence of NtMYBB (Ito et al., 2001). Their homologs in 

A. thaliana, MYB3R1 and MYB3R4, which positively regulate cytokinesis, seem to 
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activate the G2-M phase-specific genes like B2-type cyclin (CYCB2), CDC20.1, and 

KNOLLE (KN). Their promoters contain MSA-like motifs (Haga et al., 2007). Although 

there is no evidence of their interaction with AtCYCB1;1, the rice homolog OsMYB3R2 

was proven to bind to OsCYCB1;1, an MSA containing G2-M phase-specific gene, 

during chilling stress (Ma et al., 2009). 

And sometimes they seem to work in association. For example, in A. thaliana, a member 

of the MYB proteins, GLABROUS1 (GL1) is believed to be in control of the cellular 

differentiation of trichomes (Oppenheimer et al., 1991, Payne et al., 1999, Payne et al., 

2000). Its paralogous gene, MYB23, has shown a partially redundant role in controlling 

trichome morphogenesis and initiation (Kirik et al., 2005). Another case is MYB33 and 

MYB65, they redundantly facilitate anther development although the double mutant 

sterility is conditional (Millar and Gubler, 2005). Their specific expression in developing 

anthers is regulated by miR159 (Allen et al., 2007). MALE STERILE 1 (MS1), which 

targets MYB99, is known to regulate tapetal and pollen development and affect fertility 

(Wilson et al., 2001, Alves-Ferreira et al., 2007, Ito et al., 2007, Yang et al., 2007a). 

Other important MYB members related to anther or pollen development are MYB80/103 

(Li et al., 1999, Higginson et al., 2003, Zhu et al., 2010, Phan et al., 2011, Phan et al., 

2012, Xu et al., 2014b), MYB26 (Steiner-Lange et al., 2003, Yang et al., 2007b, Nelson 

et al., 2012), and TDF1 (Zhu et al., 2008, Gu et al., 2014). Not only male fertility, female 

fertility is also controlled by the MYB family. MYB98 is responsible for pollen tube 

guidance and synergid cell differentiation (Kasahara et al., 2005). 

Apart from what has been discussed above, MYB genes also regulate a lot of other 

biological processes. Sometimes one gene regulates multiple pathways, and sometimes 

multiple genes control one feature. In A. thaliana, MYB61 is required for germination 

and seedling establishment (Penfield et al., 2001), meanwhile it is also related to the 

ectopic lignification and dark-photomorphogenesis (Newman et al., 2004). Another 

R2R3 MYB gene, LAF1, is involved in photomorphogenesis as well (Ballesteros et al., 

2001, Seo et al., 2003). CAPRICE (CPC) and WEREWOLF (WER) act in opposition to 

each other, determining the root epidermal cell differentiation together (Wada, 1997, Lee 

and Schiefelbein, 1999, Wada, 2002). MYB4 is responsive to UV stress (Hemm et al., 

2001) and the expression of MYB102 is linked to wounding and osmotic stress 

(Denekamp, 2003). Studies in other species also revealed many MYB gene regulations. 

NtMYB2 is activated by wounding and elicitors (Sugimoto et al., 2000). ROUGH 
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SHEATH 2 (RS2) in Z. mays and Blind in Solanum lycopersicum both control the 

formation of meristem development (Timmermans, 1999, Schmitz et al., 2002). There is 

even the case in O. sativa of the rice telomere-binding protein 1 (RTBP1), a MYB protein 

that binds to the double-stranded telomeric DNA (Yu et al., 2000). 

 

1.4 The GAMYB-like family 

The R2R3 MYB proteins compose the predominant MYB family in plants (Jin and 

Martin, 1999). 126 members were found in Arabidopsis thaliana alone (Yanhui et al., 

2006). A lot of them seem to act as transcription factors that are particularly important to 

plants (Martin and Paz-Ares, 1997, Romero et al., 1998). In addition, they are only found 

in plants (Riechmann, 2000), and are considered to have evolved from an R1R2R3 MYB 

protein ancestor by losing the first repeat (Braun and Grotewold, 1999). Therefore, their 

regulation of plant-specific processes suggests that the R2R3 MYB family has played an 

important role in plant evolution (Stracke et al., 2001). Also, the low redundancy of the 

family members shows the evolution of transcriptional regulation on different temporal 

and spatial expression in plant developmental processes (Stracke et al., 2001). 

A MYB gene was found to be involved in gibberellin (GA)-regulated gene expression in 

barley. This HvGAMYB is a transcription factor which regulates a hormone signalling 

pathway (Gubler et al., 1995). In A. thaliana, seven genes were considered to be 

homologs of HvGAMYB, including MYB33, MYB65, MYB81, MYB97, MYB101, MYB104, 

and MYB120 (Jiang et al., 2004, Dubos et al., 2010). Although the previously discussed 

phylogenetic study showed that DUO1 is closely related to this R2R3 MYB family also 

known as the GAMYB family (Jiang et al., 2004), further research suggested that DUO1 

may form a clade which is distinct from the GAMYB clade that includes those seven A. 

thaliana members (Dubos et al., 2010). All eight genes bear a feature that is common 

among R2R3 MYB proteins, the substitution of one tryptophan at the beginning of the 

R3 repeat (Romero et al., 1998). The roles of the GAMYB family proteins are intriguing, 

as apart from MYB81 and MYB104 which were not previously studied, the remainders 

all have functions related to male reproduction (Millar and Gubler, 2005, Allen et al., 

2007, Liang et al., 2013). Further evidence that links the GAMYB family to reproduction 

is the fact that the GA pathway has a strong impact on fertility in A. thaliana and Oryza 
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sativa by affecting the microspore development (Cheng et al., 2004, Plackett et al., 2011, 

Plackett et al., 2012). 

The seven members of the GAMYB family are all expressed in the male gametophyte 

(Dubos et al., 2010, Liang et al., 2013). MYB33 and MYB65 are involved in anther 

development (Millar and Gubler, 2005, Allen et al., 2007), while MYB97, MYB101, and 

MYB120 are responsible for pollen tube-synergid interaction as male factors (Liang et 

al., 2013). MYB97, MYB101, and MYB120 are also expressed exclusively in mature 

pollen and localized in the nucleus. They form one branch with 32 % amino acid 

sequence identity (Leydon et al., 2013, Liang et al., 2013, An et al., 2014). The 

unpublished data from Dr Borg shows that the MYB domain of DUO1 alone is able to 

locate in the nucleus, this suggests the closely related GAMYB members may all have 

the same nucleus-locating property. MYB101 has the highest expression level among the 

three. MYB97 and MYB101 may function as transcription activators, but MYB120 does 

not (Renak et al., 2012, Liang et al., 2013, An et al., 2014). MYB101, along with MYB33, 

is a regulator of ABA signalling (Reyes and Chua, 2007, Kim et al., 2008b, Daszkowska-

Golec et al., 2013). The whole family is regulated by miR159 like DUO1 (Jiang et al., 

2004, Allen et al., 2007, Brownfield et al., 2009a, Allen et al., 2010). 

The A. thaliana triple mutant line (myb97-1 myb101-1 myb120-3) has a highly reduced 

fertility. The expression of MYB97, MYB101, and MYB120 with the promoter of 

MYB101, or even promMYB101:MYB33 and promMYB101:MYB81 all restored the 

fertility completely. The whole family are functionally redundant in pollen tube reception 

(Liang et al., 2013). 

 
Figure 1. 5 Phylogeny of the R2R3 MYB proteins in A. thaliana. 

DUO1 is closely related to the GAMYB family according to the phylogenetic study of the R2R3 

MYB proteins (Dubos et al., 2010). Picture adapted from the same research. 
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1.5 The regulation of microRNA 

The history of the microRNA study is relatively short. It began with the discovery of the 

fact that lin-4, a gene that regulates the development timing in Caenorhabditis elegans, 

produces a pair of short noncoding RNAs instead of coding for a protein (Lee et al., 1993). 

One of them is 61 nt in length, and seems to be a precursor of the other small RNA, which 

is about 22 nt. Their complementarity towards the repression region of another gene, lin-

14, pushed forward the idea of a novel regulatory method (Wightman et al., 1991, 

Wightman et al., 1993, Lee et al., 1993). 

Later, the 22 nt lin-4 RNA, along with a bunch of other similar tiny regulatory RNAs, 

were classified as microRNAs, or miRNAs (Lagos-Quintana et al., 2001, Lau et al., 2001, 

Lee and Ambros, 2001). A huge number of microRNAs have since been found in animals, 

plants, and even viruses (Griffiths-Jones et al., 2008). Hundreds of miRNAs were 

indentified in C. elegans (Ruby et al., 2006), Drosophila melanogaster (Ruby et al., 

2007), Homo sapiens (Landgraf et al., 2007), and Arabidopsis thaliana (Adai et al., 2005). 

Computational predictions indicate miRNAs control an immensely wide range of 

biological processes across kingdoms (Rhoades et al., 2002, Enright et al., 2003, Lewis 

et al., 2003, Stark et al., 2003, John et al., 2004, Kiriakidou et al., 2004, Rajewsky, 2006, 

Alves et al., 2009). Some of the confirmed miRNAs functions and their targets include 

the regulation of cell proliferation (Brennecke et al., 2003), cell death and metabolism 

(Xu et al., 2003), cell cycle (Vasudevan et al., 2008), cell differentiation (Chen, 2004), 

neuronal development (Johnston and Hobert, 2003), meristem development (Emery et 

al., 2003), and flower development (Aukerman and Sakai, 2003, Chen, 2004). However, 

there is still much to know about these huge regulatory networks (Bartel, 2004, He and 

Hannon, 2004). 

In plants, most miRNAs are not so different from their animal counterpart, which 

indicates the conserved nature of the miRNAs (Voinnet, 2009). However, most plant 

miRNA genes are intergenic, instead of within introns or exons like in animals (Kim, 

2005, Zhang et al., 2008). Meanwhile, some miRNA families seem to be conserved 

across all land plants, including miR156, miR160, miR319, and miR390. These miRNA 

families regulate transcription factors that control multiple biological processes, some of 

which are among the MYB protein family (Garcia, 2008). Interestingly, miRNAs in the 

unicellular alga, Chlamydomonas reinhardtii, seem to have evolved with the ones in 
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multicellular plants and animals separately (Molnar et al., 2007). Furthermore, there are 

21 families conserved among angiosperms but are not present in the moss, 

Physcomitrella patens (Axtell and Bowman, 2008). Notably, although evidence indicates 

that miR159 and miR319 are closely related (Palatnik et al., 2007, Li et al., 2011b), there 

is no report to suggest that the former one is present in moss like the latter one. Another 

difference between the miRNAs from plants and animals is the complementarity-

cleavage relationship. While this relationship is rather complicated in animals thus 

remains a challenge for target prediction (Yekta et al., 2004, Davis et al., 2005), many 

miRNA targets in plants can simply be predicted by checking the extensive 

complementarity (Rhoades et al., 2002). There are many websites that can provide a 

prediction with confidence (Voinnet, 2009, Bonnet et al., 2010). 

 

1.6 The miR159 regulation of the GAMYB family 

In 2003, a mutant type of Arabidopsis thaliana with pleiotropic developmental defects 

was analysed. Three isoforms of miR159 (a, b, and c) were predicted to target the MYB 

genes like MYB33, MYB65, and MYB104 (Palatnik et al., 2003). Later, the miR159 

expression level was proven to be modulated by the gibberellic acid (GA) during anther 

development (Achard et al., 2004) and abscisic acid (ABA) during seed germination 

(Reyes and Chua, 2007). It suggested that miR159 might function as a regulator of the 

GAMYB proteins (Achard et al., 2004), and then was proven to mediate the cleavage of 

MYB33 and MYB101, two members of the GAMYB family, in vitro and in vivo (Reyes 

and Chua, 2007). Then, studies showed that miR159 regulates the GAMYB transcript 

levels in vegetative tissues, completely silencing MYB33 and MYB65 (Alonso-Peral et 

al., 2010, Alonso-Peral et al., 2012). Further research has also shown the miR159-guided 

cleavage on MYB81, MYB120, and DUO1 (MYB125) (Allen et al., 2010). Although it 

was also pointed out that miR159 regulation in vivo is limited to only MYB33 and MYB65 

(Allen et al., 2007, Allen et al., 2010), an independent study on MYB120, which is mainly 

transcribed in anther and pollen but negligibly in other tissues, indicates otherwise 

(Winter et al., 2007, Li and Millar, 2013). Nevertheless, with the evidence of miRNA 

transcriptional regulations within the male germline (Grant-Downton et al., 2013), it is 

totally possible for miR159 to act as a safety measure for the other genes in case of the 

leaky transcriptions, a situation often seen in animals (Allen et al., 2010). 
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Considering the conserved nature of both the MYB genes and the miRNAs, it was not 

surprising that miR159 in another species, Sinningia speciosa, also regulates its target 

SsGAMYB, which controls flowering time (Li et al., 2013b). However, it is rather 

interesting that the miR159 in tomato, Solanum lycopersicum, targets a non-MYB-related 

gene, SGN-U567133, which is involved in leaf and flower development (Buxdorf et al., 

2010). This leads to a more important question, the regulation mechanism of miR159. 

Functional specializations of the miR159 and its close family miR319 in A. thaliana are 

through different mechanisms. The expression level of miR319 restricts its influence on 

MYB mRNAs, while the sequence of miR159 blocks its interaction with TCP (Palatnik 

et al., 2007). Evidence shows that even though complementarity is the number one factor 

of the regulating effect, mismatch is allowed to have an efficient outcome (Li et al., 

2014b). This means a microRNA can target many slightly different sequences. In 

addition, miR159 silences its target through both cleavage and non-cleavage mechanism 

(Li et al., 2011b, Li et al., 2014b). 

 

1.7 Sequence-specific DNA binding transcription factors 

The process of transcription per se from DNA to messenger RNA (mRNA) is performed 

by RNA polymerase (Cramer et al., 2001). A transcription factor (TF) is a DNA binding 

protein that, on its own or with other proteins, controls this process (Karin, 1990, 

Latchman, 1997), acting as an activator (Buratowski et al., 1989, Conaway and Conaway, 

1993, Roeder, 1996, Nikolov and Burley, 1997, Gill, 2001), a repressor(Lee and Young, 

2000), or both at the same time (Adkins et al., 2006, Ikeda et al., 2009). Its regulation 

sequence specificity is determined by one or more DNA recognition domains known as 

DNA-binding domains (DBDs) (Mitchell and Tjian, 1989, Ptashne and Gann, 1997), a 

characteristic that separate a transcription factor from other gene regulators (Brivanlou 

and Darnell, 2002). 

There are many transcription factor families, including but not limited to basic helix-

loop-helix (bHLH) (Massari and Murre, 2000), basic-leucine zipper (bZIP) (Vinson et 

al., 1989), helix-turn-helix (HTH) (Brennan and Matthews, 1989), homeodomain 

proteins (Gehring, 1992), zinc fingers (Klug and Rhodes, 1987, Laity et al., 2001), 

Cys2His2 zinc fingers (Wolfe et al., 2000, Klug, 2010), and MYB (myeloblastosis) 

proto-oncogene proteins (Saikumar et al., 1990). Transcription factor networks are found 
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in all living organisms because of their importance in gene regulations (Lemon and Tjian, 

2000, Riechmann, 2000, Huffman and Brennan, 2002, Lee et al., 2002, Babu et al., 2004). 

The number of transcription factors also seems in positive correlation to the genome size 

of an organism (van Nimwegen, 2003), which agrees with the idea of certain gene 

balance hypotheses (Edger and Pires, 2009).  

 

1.8 Nine-amino-acid transactivation domain family 

A trans-activation domain (TAD) contains a binding site that recruits other 

transcriptional regulators (Warnmark et al., 2003). One common chemical feature shared 

by most TADs is the amino acids hydrophobicity (Drysdale et al., 1995, Sullivan et al., 

1998), acidity (Hope and Struhl, 1986, Hope et al., 1988, Gill and Ptashne, 1987, 

Sadowski et al., 1988), or a combination of both (Ma and Ptashne, 1987, Regier et al., 

1993, Triezenberg, 1995, Sainz et al., 1997). 

A large group of those TADs is the nine-amino-acid transactivation domain (9aaTAD), 

which can be seen in a superfamily of eukaryotic transcription factors including Gal4, 

Gcn4, p53, and VP16 (Piskacek et al., 2007). The 9aaTADs of those most well studied 

proteins have shown to interact with other general coactivators like p300 and TAF (Gu 

and Roeder, 1997, Uesugi et al., 1997). The induced complex will then activate its target 

(Liu et al., 1999). 

While the most studied 9aaTAD protein is no doubt p53, VP16 however is one of the 

most used tool as a trans-activator in plant molecular biology (Zuo et al., 2000, Lohmann 

et al., 2001, Storgaard et al., 2002, Silveira et al., 2007, Ikeda et al., 2009, Hanano and 

Goto, 2011, Aguilar et al., 2014). VP16, also known as herpes simplex virus protein 

vmw65, is a key activator for HSV lytic infection (Herrera and Triezenberg, 2004). While 

the core structure of the protein is in charge of DNA recognition, the C-terminal 9aaTAD 

recruits Oct-1 and HCF-1 (Liu et al., 1999, Wysocka and Herr, 2003). 

 

1.9 Bioinformatics and phylogenetics 

The history of phylogenetic trees goes far beyond the discovery of DNA. Darwin’s 

notebook from 1837 has an evolutionary tree of life. However, traditionally most of the 
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phylogenetic trees are drawn based on systematics or taxonomy. With the help of DNA 

sequencing technology, phylogenetics is able to study the evolutionary relationships 

among species or populations with molecular data (Slowinski and Page, 1999).  

Today, the application of phylogenies has extended outside the tree of life. They are 

applied in the study of the relationships between gene or protein homologs (Maser et al., 

2001), cell lineages (Salipante and Horwitz, 2006), evolution of pathogens (Marra et al., 

2003, Grenfell et al., 2004), population history (Edwards, 2009), and even the evolution 

of languages (Gray et al., 2009). Lately, molecular phylogenetics has been used in the 

identification of genes (Kellis et al., 2003), miRNAs (Pedersen et al., 2006), regulation 

factors (Lindblad-Toh et al., 2011), metagenomics (Brady and Salzberg, 2011), ancestor 

genomes reconstruction (Paten et al., 2008, Ma, 2011), and genome interpretation (Green 

et al., 2010, Gronau et al., 2011, Li and Durbin, 2011).  

After constructing a phylogenetic tree of a certain gene family, one thing that can be done 

is to detect the positive selection on certain sites. Positive selections can be identified 

through the comparison of the synonymous and non-synonymous substitution rates (Nei 

and Kumar, 2000). There are many methods that exist to test the selection for the gene 

sequences on certain branches (Yu and Irwin, 1996, Messier and Stewart, 1997, Zhang 

et al., 1997, Yang, 1998, Zhang et al., 1998), certain codon sites on the whole tree 

(Nielsen and Yang, 1998, Suzuki and Gojobori, 1999, Yang et al., 2000), or certain codon 

sites on certain branches (Yang and Nielsen, 2002). Although technical problems still 

present a challenge in errors like false detections (Zhang, 2004), revised new models are 

being created to improve the algorithms as well, giving a promising future in the field 

(Zhang et al., 2005). 

Another part of bioinformatics in which has been put a lot of efforts is the estimation of 

the evolutionary timescale. Traditionally, it was established solely through 

palaeontologists comparing fossil record (Clarke et al., 2011). The utilization of the 

molecular clock has changed this situation. The method has been developing rapidly in 

the last twenty years (Takezaki et al., 1995, Sanderson, 1997, Thorne et al., 1998, 

Rambaut, 2000, Sanderson, 2002, Drummond et al., 2006), it can even be done in the 

absence of a molecular clock (Sanderson, 2003). However, the result can be influenced 

by many factors, as the calculation is completely based on the DNA polymorphism, 
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which is susceptible to conditions like positive selections (Eyre-Walker and Keightley, 

2009, Keightley and Eyre-Walker, 2012). 

 

1.10 The origin and phylogeny of land plants 

The earliest surviving land plants, or Embryophyta, emerged around 480 million years 

ago (mya) in the Ordovician period, and later diversified and shaped the world as we 

know it today (Kenrick and Crane, 1997, Kenrick et al., 2012, Wellman et al., 2003, 

Steemans et al., 2009, Rubinstein et al., 2010, Magallon et al., 2013). The timeline of 

early land plants aligned with the ending of the “Snowball Earth” period (ca. 650 mya), 

akin to the famous “Cambrian explosion” in the animal kingdom. 

Our insight into plant phylogeny today no longer depends on morphological studies, but 

is largely contributed by bioinformatic approaches (Slowinski and Page, 1999). The 

current phylogenetic tree of green plants is developed through the comparison of plasmid 

genes (Bremer et al., 2003, Bremer et al., 2009, Jansen et al., 2007, Moore et al., 2007, 

Moore et al., 2010, Ruhfel et al., 2014), mitochondrial genes (Qiu et al., 2010), ribosomal 

genes (Burleigh et al., 2009, Soltis et al., 2011), and nuclear genes (Timme and Delwiche, 

2011, Burleigh et al., 2011, Wickett et al., 2014). While these studies agree with the early 

taxonomy hypothesis in general with a few changes (Cronquist, 1988, Thorne and Reveal, 

2007), some questions are still left to be answered. 

The most significant one is the origin of land plants. Although Charophyta and 

Embryophyta (collectively known as the Streptophyta) are proven to be monophyletic 

(Surek et al., 1994, Kenrick and Crane, 1997, Lemieux et al., 2007, Qiu and Lee, 2000, 

Qiu et al., 2006), the algal lineage branches hierarchy in relation to the land plants 

remains unclear (Turmel et al., 2006, Wodniok et al., 2011, Laurin-Lemay et al., 2012, 

Timme et al., 2012). 

Physiological and morphological comparisons suggest that the sister group of 

Embryophytes is among Charales, Coleochaetales, and some members of the 

Zygnematophyceae (Pickettheaps and Wetherbee, 1987, Galway and Hardham, 1991). A 

few studies supported this idea (Bhattacharya and Medlin, 1998, Graham et al., 2000), 

suggesting a clade including Charales and Embryophyta is sister to Coleochaetales 

(Karol et al., 2001, Lewis and McCourt, 2004). However, more recent phylogenomic 
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analyses have cast doubts upon this. While Coleochaetales has less support (Finet et al., 

2012), there is a large amount of evidence demonstrating that Zygnematophyceae 

(Wodniok et al., 2011, Timme et al., 2012, Zhong et al., 2013, Ruhfel et al., 2014, Civan 

et al., 2014, Wickett et al., 2014, Davis et al., 2014), or a clade with both lineages (Turmel 

et al., 2006, Turmel et al., 2007, Chang and Graham, 2011, Leliaert et al., 2012), is the 

closest relative to all land plants.  

The question of origin does not stop there. Even though we know as a fact that bryophytes, 

including mosses, liverworts, and hornworts, are the results of the earliest diversification 

events within embyrophytes (Qiu et al., 1998, Qiu et al., 2006, Qiu et al., 2007, Nickrent 

et al., 2000, Nishiyama et al., 2004, Shaw et al., 2011), their relationships with the 

tracheophytes and with each other remain unsolved. 

Some believe that byrophytes are monophyletic (Nishiyama et al., 2004, Cox et al., 2014), 

some are convinced the three form a grade with hornworts sister to tracheophytes (Qiu 

et al., 1998, Qiu et al., 2006, Qiu et al., 2007, Groth-Malonek et al., 2005, Chang and 

Graham, 2011), while some think that only mosses and liverworts are monophyletic 

(Nickrent et al., 2000, Lemieux et al., 2007, Karol et al., 2010). There is little surprise 

that the topology of the three branches with tracheophytes varies among these studies. 
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Figure 1. 6 All embryophytes diverged from the streptophyte algae (charophytes). 

The times on the nodes are the approximate dates based on literature. It is important to note 

that the enormous span of uncertainty regarding the divergence time. For example, although 

we know that the earliest living divergent land plant group (bryophytes) branched out around 

450 to 480 million years ago (mya), they diverged from the streptophyte alga between 870 to 

1042 mya (Clarke et al., 2011, Magallon et al., 2013). The first flowering plant evolved around 

140 to 250 mya and no fossil older than 130 mya has been found so far (Clarke et al., 2011, 

Magallon et al., 2015, Foster et al., 2017, Sauquet et al., 2017). Picture credits see Appendix. 

 

1.11 Bryophytes as model species 

The establishment and study of model organisms have contributed greatly to our 

understanding of evolution today, including the phylogeny and timescale of life (Hedges, 

2002). To solve the problems surrounding the origin of land plants, much effort has been 

put into the study of bryophytes (Nickrent et al., 2000, Hedges, 2002, Nishiyama et al., 

2004, Qiu et al., 2006, Chang and Graham, 2011, Cox et al., 2014). The moss 

Physcomitrella patens and recently the liverwort Marchantia polymorpha have become 

the model organisms of bryophytes (Cove et al., 1997, Cove, 2005, Cove et al., 2006, 

Takenaka et al., 2000, Chiyoda et al., 2006, Chiyoda et al., 2008, Goffinet and Shaw, 

2009). 

The moss P. patens has been the subject of many molecular studies including hormone 

synthesis pathways (Lindner et al., 2014), light response including cell regeneration 

morphogenesis (Jenkins and Cove, 1983, Yamawaki et al., 2011, Ranjan et al., 2014), 

cell cycle and cell fate regulation (Tanahashi et al., 2005, Jang et al., 2011, Aoyama et 
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al., 2012), and plant evolution (Nishiyama et al., 2003, Rensing et al., 2008). Recently, 

there is even some attempt to move it beyond just the model of molecular biology (Müller 

et al., 2015). However, moss has the most attention on its unique feature in transformation 

(Schaefer et al., 1991, Kammerer and Cove, 1996, Wood et al., 2000), which has given 

people easy access to gene targeting (Schaefer and Zryd, 1997, Schaefer, 2002). 

Although the idea of gene targeting through homologous recombination (HR) has been 

around for a long time (Capecchi, 1989), it was impractical in most high plants due to 

their low efficiency (Hanin and Paszkowski, 2003). Before the development of the gene-

editing technique CRISPR (Ran et al., 2013, Schiml et al., 2014, Hsu et al., 2014, Bortesi 

and Fischer, 2015), moss allowed researchers to utilize the benefit of HR-mediated 

genetic engineering (Schaefer and Zryd, 1997, Schaefer, 2002, Trouiller et al., 2007). 

A lot of genes involved in the moss homologous recombination process have been 

identified (Trouiller et al., 2006, Kamisugi et al., 2012), among them the two homologs 

of RAD51 (Ayora et al., 2002). RAD51 regulates homologous recombination and HR-

mediated repair, its homologs have been identified in yeast, vertebrates, and plants, all 

of which play a conserved role (Sung and Robberson, 1995, Krogh and Symington, 2004, 

Baumann and West, 1998, Ayora et al., 2002, Holthausen et al., 2010, Charlot et al., 

2014). However, sequence analysis put the two P. patens RAD51 genes in a clade 

separated from other plants, and the difference from other multicellular eukaryotes is 

possibly responsible for the high efficiency of gene targeting in moss (Markmann-

Mulisch et al., 2002). This hypothesis is further backed up by independent knockout 

experiments, which demonstrate that both genes are contributing in the process of 

homologous recombination, maintenance of genome integrity, and resistance to DNA 

damaging, with one gene being dominant (Ayora et al., 2002, Markmann-Mulisch et al., 

2007, Schaefer et al., 2010, Charlot et al., 2014). However, it remains unclear whether 

there is a fundamental difference between the homologous recombination mechanisms 

of moss and other plants. 

The study of the liverwort M. polymorpha can be dated back to as early as the ancient 

Greeks, but regrettably little literature is available (Bowman, 2015). Its haploidy and the 

separation of genders present a great opportunity for molecular genetic study, and its 

transformation system has been developed over the last two decades (Takenaka et al., 

2000, Chiyoda et al., 2006, Chiyoda et al., 2008, Ishizaki et al., 2008). Gene targeting 

approaches have also been used in some molecular studies (Ishizaki et al., 2013, Ueda et 



Chapter 1    Literature Review 

23 

 

al., 2014). Although previously only the chloroplast and mitochondrial data were 

publicly available (Ohyama et al., 1986, Oda et al., 1992), the M. polymorpha genome 

has been sequenced (Bowman et al., 2017). With new techniques like CRISPR, M. 

polymorpha has already become another key model species in bryophytes. 

 

1.12 Angiosperms and whole genome duplications 

The sudden domination of the angiosperms was coined “an abominable mystery” by 

Charles Darwin in 1879. Now the most abundant branch of land plants with over 300,000 

species, the rise of angiosperms is around the Cretaceous-Tertiary extinction event 

(Schneider et al., 2004, Renne et al., 2013), partially thanks to the advantages associated 

with polyploidy which accelerated the creation of new genes (De Bodt et al., 2005, Soltis 

et al., 2008, Soltis et al., 2009, Edger and Pires, 2009, Fawcett et al., 2009). Being one of 

the most powerful forces in evolution, whole-genome duplication (WGD), or polyploidy 

events influenced the history of fungi (Kellis et al., 2004), animals (Blomme et al., 2006, 

Kassahn et al., 2009), and plants (Edger and Pires, 2009, Muhlhausen and Kollmar, 2013).  

Most angiosperm linages show evidence of several WGD events (Jiao et al., 2011). In 

core eudicots, while there is very likely a common triplication event (known as γ), the 

study on Arabidopsis thaliana shows two more possible duplication events (α and β) 

within the Brassicaceae family (Vision et al., 2000, Blanc et al., 2003, Bowers et al., 

2003, Jaillon et al., 2007, Lyons et al., 2008, Tang et al., 2008a, Tang et al., 2008b, Barker 

et al., 2009). In monocots, two such duplication events (ρ and σ) have been demonstrated 

(Paterson et al., 2009, Tang et al., 2010). There is also evidence suggesting an even earlier 

duplication event (ε) probably shared by all angiosperms (Vision et al., 2000, De Bodt et 

al., 2005, Cui et al., 2006, Soltis et al., 2008, Soltis et al., 2009), which is further 

supported by the sequencing of the Amborella trichopoda genome (Albert et al., 2013). 
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Figure 1. 7 Ancestral polyploidy events in seed plants and angiosperms. 
The yellow boxes indicate known whole genome duplication events and the red box indicates 

a whole genome triplication event. Angiosperms, especially for members of the family 

Brassicaceae and Poaceae, have experienced several polyploidy events. Diagram adapted from 

Jiao et al., 2011. 

 

Regarding the fate of nuclear genes following duplication events, there are many 

hypotheses including the Gene Balance Hypothesis (or Dosage Balance Hypothesis), 

Gain-of-function hypothesis, Subfunctionalization, Increased Gene Dosage Hypothesis, 

and Functional Buffering Model (Edger and Pires, 2009). A regulator gene connected 

with a complex network, such as a transcription factor, is sensitive to the imbalance in 

the concentration. A change in one such unit could lead to a catastrophic effect or at least 

a decreased fitness. This is known as the Gene Dosage Hypothesis (Veitia, 2002, Veitia, 

2005, Veitia et al., 2008). This hypothesis points out that for an important transcription 

factor regulating a network, retention of another copy after duplication is very unlikely 

unless all genes in the whole network increase their dosages simultaneously. 

 

1.13 Aims and Objectives 

Recent efforts have identified a regulatory network controlling the pollen mitosis II 

process in the flowering plants. As described in Section 1.2, the centrepiece DUO 

POLLEN 1 (DUO1) is required for both the G2-M cell cycle transition and the sperm cell 

differentiation. Much more information has been gathered for the DUO1 network in the 

model plant Arabidopsis thaliana. However, although it was suspected that almost all 

flowering plant species should have at least one copy of this gene, only a handful of 

DUO1 homologs have been identified previously. Neither was any functional 
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information available for any of these homologs. The scope of the DUO1 conservation 

was not fully investigated or understood. 

The aim of this thesis was to understand the sequence and functional conservation of 

DUO1. The pursuit that would lead to the understanding of the origin of DUO1 and its 

evolution in the plant lineages. 

The first major objective, which is discussed in Chapter 3, was to determine the sequence 

conservation of the DUO1 homologs using available sources. These data also provided 

an opportunity to look into the protein secondary and tertiary structure conservation 

among them. The expression patterns of these homologs suggested that DUO1 functions 

have been related to the male germline development since bryophytes. The large 

collection of DUO1 sequences has revealed its algal origin in the Charophyta and its 

sister group, the GAMYB family proteins. The two male reproduction related MYB 

clades have very different fates regarding the subsequent proliferation following the 

divergence. 

A second major objective in Chapter 4 was to test the functional conservation of the 

DUO1 homologs using experimental methods. These typically included in planta 

complementation and dual-luciferase reporter assays. It was demonstrated that different 

DUO1 homologs from angiosperms could largely substitute one another functionally and 

they are structurally highly similar in both the MYB domain and the C-terminal end. In 

contrast, although DUO1 homologs from pre-angiosperms have a highly similar MYB 

domain that binds to the same target DNA sequence, the C-terminal end is visibly 

different from the angiosperm DUO1 sequences. They were unable to replace the native 

DUO1 functions and promote sperm differentiation in A. thaliana, either. The emergence 

of the angiosperm was a watershed for the functional changes of DUO1. 

The next chapter focus on the impact of the miR159 regulation on DUO1. The miR159 

binding site encodes a signature supernumerary residue for the DUO1 protein MYB 

domain. The finding suggested that DUO1 was not under the regulation of the microRNA 

until the core angiosperm group. The regulation of the GAMYB family on the other hand 

predated the bryophyte, before the separation of miR159 and miR319 clades. Therefore, 

it is clear that the miR159 binding sites for DUO1 and GAMYB clades developed 

independently. 
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The objective of Chapter 6 was to look at the differences of the C-terminal regions 

between the angiosperm and pre-angiosperm DUO1 homologs. The motifs at the DUO1 

C-terminal region of the angiosperms were found crucial for the high level of the target 

promoter activation. Strangely, changing this region in the pre-angiosperm DUO1 

protein examined failed to yield any positive result. It is proposed that the variable region 

linking the MYB DNA-binding domain and the C-terminal activation motif plays an 

important role despite the lack of any apparent conservation. Nevertheless, the DUO1 C-

terminal region showed some evidence of being a member of the famous nine-amino-

acid transactivation domain. 

Collectively, the findings in this thesis provided an understanding of the conservation of 

a key transcription factor in the plant male germline gene network, at an evolution level 

and a molecular level. 
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Chapter 2 Materials & Methods 

 

2.1 Purchase of materials 

Chemicals and materials were ordered from Melford Laboratories, Sigma-Aldrich, 

Thermo Fisher Scientific, and Promega. Commercial kits were ordered from QIAGEN, 

Sigma-Aldrich, and Omega Bio-tek. Enzymes and reagents were ordered from Invitrogen, 

Sigma-Aldrich, New England Biolabs (NEB), and Bioline. 

 

2.2 Bacteria culture 

Bacteria strains and the concentration of antibiotics used for selections are listed. 

Working Concentration (µg/µl) 

 E. coli A. tumefaciens 

Antibiotics/Strains α-select; DB3.1 GV3101 

Ampicillin (AMP) 50 50 

Chloramphenicol (CM) 25 25 

Gentamicin (GENT) N/A 50 

Kanamycin (KAN) 50 50 

Rifampicin (RIF) N/A 25 

Spectinomycin (SPEC) 100 100 

 

Escherichia coli (E. coli) and Agrobacterium tumefaciens (A. tumefaciens) were cultured 

in Luria Bertani Broth medium (LB Broth). To grow the bacteria on plates, 1.5 % (w/v) 

bacto-agar was added to it before autoclaving. The pH was adjusted to 7.2 with 1 M 

NaOH. 

 

2.3 DNA amplification 

DNA amplifications were performed using the Polymerase Chain Reaction (PCR). The 

PCR conditions varied according to the size of the product and Tm of the primers. Double 

stranded DNA was denatured at either 96 °C with BioTaq (Bioline)/KAPA Taq (Sigma-

Aldrich) or 98 °C with Velocity (Bioline)/Phusion (NEB). The annealing temperature Ta 

was set 5 – 10 °C below the Tm. Extension was set at 68 – 72 °C for 30 seconds per 1 kb 
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with BioTaq and 15 seconds per 1 kb with Velocity. The cycles were between 30 and 40. 

The thermocyclers used for the PCR reactions were the TProfessional Basic 

Gradient/Trio Thermocycler (Biometra).  

PCR reactions for general purpose were performed with BioTaq DNA polymerase 

(Bioline). The relevant buffers used to make master mixes were supplied with the enzyme. 

The condition parameters for BioTaq reactions were: 96 °C for 2 minutes; 30 – 40 cycles 

of 96 °C for 30 seconds, 55 – 65 °C for 30 seconds and 68 – 72 °C for 30 seconds per 1 

kb; and finally 68 – 72 °C for 5 minutes. For high fidelity PCR reactions, Velocity DNA 

polymerase (Bioline) was used. The denaturing process was changed from 96 °C to 98 °C, 

30 seconds to 20 seconds; and extension time was decreased from 30 seconds per 1 kb 

to15 seconds per 1 kb. Other conditions remain the same. 

 

2.4 DNA extraction and purification 

Isolation of the plasmid DNA of E. coli cells was carried out using GenElute™ Plasmid 

Miniprep Kits (Sigma-Aldrich), E.Z.N.A® Plasimid Mini Kit, and E.Z.N.A® Plasimid 

Maxi Kit (Omega Bio-tek). PCR products were purified using either GenElute™ PCR 

Clean-Up Kits or GenElute™ Gel Extraction Kits (Sigma-Aldrich), E.Z.N.A® Cycle Pure 

Kit or E.Z.N.A® Gel Extraction Kit (Omega Bio-tek). Extraction of the gDNA from plant 

tissues was done using DNeasy Plant Mini Kit (QIAGEN). 

 

2.5 Gateway® and other cloning methods 

Unless specified, constructs were generated by MultiSite Gateway Technology 

(Invitrogen, UK) as described in Borg et al., 2011, using Gateway® recombination 

technology. This includes two steps: BP reaction to generate entry clones using donor 

vectors and purified PCR products, and LR reaction to generate target destination vectors 

using entry clones. Promoter entry clones were made in pDONRP4P1R, cDNAs in 

pDONR221, and fluorescent tags in pDONRP2R-P3. For example, the constructs 

pB7m34GW_promDUO1:AtDUO1-mCherry was generated using entry clones for the 

DUO1 promoter, AtDUO1 cDNA, and mCherry. The entry clones (10 µM each) were 

then used to build gene constructs by 3-part recombination into the T-DNA destination 

vector pB7m34GW (20 µM) (Karimi et al., 2002). 
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Otherwise, DNAs were amplified with restriction sites at both ends and then digested 

using the NEB high fidelity enzymes and CutSmart® buffer, before ligation with T4 DNA 

ligase. 

For constructs used in the mammalian two-hybrid assays, plasmids were generated in the 

Protein Expression Laboratory (Protex) service from University of Leicester using 

vectors available through the service. The effectors were cloned into pLEICS-12 that 

contains the human cytomegalovirus (CMV) promoter and the reporter was cloned into 

pLEICS-13 with the HTR10 promoter driving the firefly luciferase. 

 

2.6 Gel electrophoresis 

Identification of DNA fragments acquired through different processes was carried out by 

agarose gel electrophoresis. Agarose gels were made in 1 x TAE (40 mM Tris base, 20 

mM glacial acetic acid, 1 mM EDTA) supplemented with 0.2 µg/ml ethidium bromide. 

Depending on the size of the DNA fragments, the concentration of agarose gels varied 

between 0.8 to 3 % (w/v). Samples were loaded into the gel wells after mixing with 3 x 

Orange G DNA loading buffer (3 % glycerol, 200 µg/ml Orange G) in a volume ranging 

between 5 - 50 µl depending on the application. The loaded gel was placed in an 

electrophoresis tank and a voltage from 100 - 150 V was applied for 30 - 60 minutes. The 

DNA fragments were then visualised under a UV transilluminator (BioDoc-ItTM System, 

UVP). The size and quantity were determined by comparing with the standard DNA 

ladders (New England Biolabs). 

 

2.7 Plant materials and growth conditions 

Arabidopsis thaliana plants were grown on soil in greenhouse conditions (21 to 25 °C) 

with a 16 h photoperiod or in growth chambers at 24 °C under continuous illumination 

(120 to 140 mmol/m2/s with 60 % humidity). The duo1-1 mutant line has been described 

previously (Durbarry et al., 2005). The transgenic Nossen-0 duo1-1+/- 

pK7m34GW_promHTR10:H2B-GFP+/+ marker line has been described previously 

(Brownfield et al., 2009a), and further details are given below in 2.9.  
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Physcomitrella patens ssp patens ecotype Gransden 2004 plants were grown on BCD 

medium with or without di-ammonium tartrate (Ashton et al., 1979).  

BCD Medium 

Distilled Water 1 litre 

MgSO4·7H20 

(or anhydrous MgSO4) 

250 mg 

(120 mg) 

KH2PO4 250 mg 

KNO3 1.01 g 

FeSO4·7H20 12.5 mg 

Trace Element Solution 1 ml 

4 M KOH to pH=6.5 

Agar 8 g 

CaCl2 1 mM 

 

Marchantia polymorpha was grown on 1% (w/v) agar plates with 1/2 Gamborg B5 Basal 

salt, 0.5g/L MES (2-(N-morpholino)ethanesulfonic acid), pH 5.5 adjusted with KOH. 

Both bryophyte materials were grown under continuous illumination as used for A. 

thaliana. 

 

2.8 Transformations 

Competent E. coli cells were purchased from Bioline (α-select). The transformation 

method used for E. coli cells was based on the heat shock approach (Hanahan, 1983). 2.5 

µl of plasmid or a recombination reaction was added into a 25 µl aliquot of competent 

cells thawed on ice removed from -80 °C freezer and incubated on ice for 30 minutes. 

The mixture was heat shocked at 42 °C for 45 seconds then put back on ice for another 2 

minutes. 1 ml of LB medium was added and the culture was incubated at 37 °C for 1 

hour shaking at 200 rpm. Afterwards, the culture was centrifuged for 30 seconds at 5,000 

g and 800 µl supernatant discarded. Then the 200 µl of cell suspension was plated on LB 

agar with selection antibiotics. The plate was then incubated overnight at 37 °C. 

Competent A. tumefaciens cells were prepared by ice-cold CaCl2 solution treatment. For 

transformation, 4 µl of plasmid DNA was added into the frozen 25 µl aliquot and 

incubated at 37 °C for 5 minutes for the heat shock. Then 1 ml of LB was added and the 

culture was incubated at 28 °C for 2 - 4 hours shaking at 200 rpm. The rest of the process 

is the same as the transformation of E. coli cells, except the plate was incubated at 28 °C 

for 2 days. 
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The A. thaliana plants were transformed using the floral dip method with a few changes 

(Clough and Bent, 1998). A. tumefaciens cells were prepared in a 1 litre conical flask 

containing 400 ml of fresh LB medium with antibiotic selection until cell density reached 

saturation. Cells were then centrifuged at 1,000 g for 20 minutes and resuspended in 1 

litre of infiltration medium (2.17 g/l half strength MS salts, 3.16 g/l full strength Gamborg 

B5 vitamins, 0.5 g/l MES, 50 g/l sucrose, 10 µg/l 6-benzylaminopurine). Just before 

dipping, 400 µl/l of Silwet L-77 was added. The above ground part of the plants was 

dipped in the A. tumefaciens solution for about 45 seconds with gentle agitation. The 

plants were then kept in normal conditions. 

T1 plants were then selected on either soil subirrigated with 30 µg/mL BASTA 

(glufosinate ammonium; DHAI PROCIDA), or on MSO (Murashige and Skoog) medium 

with 0.8 % (w/v) phyto-agar petri dishes containing relevant antibiotics. 

Polyethylene glycol-mediated transformation was used for P. patens (Schaefer et al., 

1991, Cove, 2005). Protoplasts were acquired by using 1 % (w/v) Driselase in 0.5 M D-

Mannitol solution to digest freshly grown around 7 days old protonemata and then 

pouring through filter papers and funnels. Calculated after using a hematocytometer, 300 

µl of 1.2 x 106 ml-1 resuspended protoplasts were mixed with 15 µg of linearized plasmid 

DNA in 300 µl of PEG solution. Heat shock 5 min at 45 °C then leave at room 

temperature for 10 min. Plate on agar medium plates with sterile cellophane (Sigma-

Aldrich) without any antibiotics. Then G418 and Hygromycin B (50 µg/ml) were used 

for selecting the transformants after no more than 7 days. The positive transformants 

were then confirmed by PCR. The transformation and following selection were done in 

collaboration with Dr Jörg Becker’s group from the Instituto Gulbenkian de Ciência (IGC) 

in Portugal, mainly with the help of Dr Marcela H. Coronado and Dr Ann-Cathrin 

Lindner. 

 

2.9 Microscopy 

The pollen was stained with 4’, 6-diamidino-2 phenylindole dihydrochloride (DAPI) for 

DNA visualizing (Park et al., 1998). All images were captured using the Nikon ECLIPSE 

80i (Nikon, Japan) with an LED-based excitation source (CoolLED, presicExcite) and a 
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Plan Fluor 40x/1.3 NA oil immersion objective. Images were previewed, captured, and 

saved) in JPEG format using NIS-Elements Basic Research v3.0 software (Nikon, Japan). 

For functional complementation analysis, an A. thaliana line with a GFP marker as in 

Borg et al., 2011 was used. The duo1-1+/- pK7m34GW_promHTR10:H2B-GFP+/+ single 

locus marker line (i.e., having ~50 % GFP-positive wild type pollen grains) with a clear 

GFP signal in each pollen grain was generated from the promHTR10:H2B-GFP+/- lines. 

The progeny of this T1 single locus line with the highest apparent GFP signal was 

screened for heterozygous duo1-1 and homozygous for the insertion marker. This 

homozygous marker line was maintained through screening previous generations and 

checking for homogenous GFP signal, as a means to prevent the silencing effect for the 

T-DNA insertion (Daxinger et al., 2008).  

For analysis of complementation lines, mature pollen from T1 lines was checked by 

fluorescence microscopy. The first screen of the T1 lines was to identify the duo1+/- lines 

with a single insertion for the transgene (i.e., having ~50 % mCherry-positive pollen 

grains) and a reasonable mCherry signal. The frequency of tricellular (TCP) and 

bicellular (BCP) pollen grains was then scored using DAPI staining. The rescue 

efficiency of the cell cycle defect was calculated by the TCP frequency as a percentage 

in the population. The transactivation ability of the constructs was assessed by the 

frequency of the GFP-positive (GFP+) pollen grains. Similarly, the transactivation 

efficiency to the HTR10 marker line was calculated by the GFP+ frequency as a 

percentage in the population.  

For quantification of fluorescence, a pooled pollen sample from representative lines was 

analysed. The fluorescence of sperm cell nuclei was quantified in randomly selected 

pollen grains by image capture under standardized conditions. The exposure time was 

not pre-determined to avoid saturation. The images were then analysed using NIS-

Elements. The total pixel intensity (TPI) of manually defined regions of interest 

encompassing sperm cell nuclei, with the cytoplasmic background subtracted, 

determined the true fluorescence of sperm cell nuclei (Borg et al., 2011). The average 

TPI of no less than 50 nuclei for each line were then calculated for statistically analysis. 
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2.10 Dual-luciferase reporter assays 

Standard transient transformation of tobacco leaves was performed with modifications 

(Sparkes et al., 2006, Borg et al., 2011). Infiltrated leaves were excised with a 9 mm cork 

borer and ground in 500 mL of 1x Passive Lysis Buffer (Promega). Leaf extracts were 

centrifuged at 4°C at 15,100 g to pellet debris. The firefly luciferase assay buffer (25 mM 

glycylglycine, 15 mM KPO4, pH 8.0, 4 mM EGTA, 2 mM ATP, 1 mM DTT, 15 mM 

MgSO4, 0.1 mM CoA, and 75 mM luciferin with final pH adjusted to 8.0) and Renilla 

luciferase assay buffer (1.1 M NaCl, 2.2 mM Na2EDTA, 0.22 M KPO4, pH 5.1, 0.44 

mg/mL BSA, and 1.43 mM coelenterazine with final pH adjusted to 5.0) (Dyer et al., 

2000) were prepared before the reading. Two 25 mL aliquots were separately assayed 

with 200 mL of each assay buffer. Relative luciferase activity (FLuc/RLuc) was 

calculated for each infiltration.  

 
Figure 2. 1 Diagram of the dual-luciferase transient assay. 
Three types of constructs are used: reporters, effectors, and an internal control. The gene of 

interest (blue) is driven by the CaMV 35S promoter (red), which will be expressed in the 

tobacco leaf cells. The interaction between the effector and the potential target promoter 

(green) is correlated with the measured level of the firefly luciferase. The internal control is 

the Renilla luciferase driven by the 35S promoter that acts as a benchmark for the effector 

expression level. They are then delivered through Agrobacteria. Diagram adapted from Păcurar 

et al. (2011). 
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2.11 Mammalian two-hybrid system 

Some modifications were made on the polyethylenimine (PEI) (Sigma)-mediated 

transient transfections of the HEK 293T cells (Thermo Fisher Scientific) (Itoh et al., 

2015). A total of 0.5 µg DNA (0.18 µg β-gal plasmid, 0.23 µg firefly luciferase plasmid, 

0.1 µg effector plasmid) was mixed with 25 µl PBS (Sigma), making up to 200 µl with 

25 µl of 0.5 mM PEI solution in PBS, 150 µl of DMEM and 10 % FBS of the transfection 

mixture. After incubating for 36 hours, the cells were lysed and measured for firefly 

luminescence as in the section 2.10. The β-gal levels were measured using 100 µl of 

substrate (10 ml contains 6 ml 0.1 M Na2HPO4, 0.1 ml 1 M KCl , 0.1 ml 0.1M MgCl2, 4 

ml 0.1 M NaH2PO4, 20 mg ONPG, 35 µl Mercaptoethanol) for normalisation (FLuc/β-

gal). 

 

2.12 Statistics analysis 

All statistic tests were performed by using Microsoft Excel or IBM SPSS Statistics. 

Statistical assessment of scoring data was performed with a χ2 test. Comparison of the 

means between groups of data was done with t-test after checking for Student’s t-

distribution. All tests were two-sided with statistically significant outcomes determined 

using a level of 0.05. Unless specified, all error bars in the charts represent the standard 

error (SE). 

 

2.13 Phylogenetic analysis 

Sequence alignments and phylogenetic trees were constructed using MEGA 7.0 (Kumar 

et al., 2016). Unless specified, the default alignment was based on the protein sequences 

using ClustalW (Higgins and Sharp, 1988). The default phylogenetic tree was based on 

the protein coding nucleotide sequences, using the maximum likelihood method and the 

Tamura-Nei model (Tamura and Nei, 1993). Distance-based methods such as neighbor-

joining and maximum parsimony were also frequently used to quickly generate an initial 

tree for parameter testing or further heuristic tree-searching. The default bootstrap 

number was 1000. Positive selection tests were performed using PAML 4.9 (Yang, 2007), 

with either Branch-Site Model or Clade Model. 
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Chapter 3 Analysis of DUO1 Phylogeny and 

Sequence Conservation 

 

Abstract 

DUO1 is a key regulator of the male germline development in plants and controls the cell 

division and cell differentiation. The closest relatives of DUO1 are members of the 

GAMYB-like protein family. The similarities and differences between the two clades are 

important for the better understanding of the origin of DUO1. Evidence presented in this 

chapter revealed that DUO1 first evolved in the green algae group Charophyta, and the 

time of its emergence coincided with the beginning of sexual reproduction in the 

Streptophyta clade. Although multiple whole genome duplication events have happened 

in a range of land plant lineages like Brassicaceae, DUO1 has been diploidised in most 

species, which means there is only one copy in a species. Here a loss of selective pressure 

and the subsequent loss-of-function mutation were demonstrated in some species where 

multiple copies of DUO1 exist. 
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3.1 Introduction 

As discussed in Chapter 1, DUO1 exists in all land plants. It is a R2R3 MYB protein and 

has been confirmed to be responsible for the activation of many genes with a MYB 

binding site in their promoter regions (Rotman et al., 2005, Brownfield et al., 2009a, 

Borg et al., 2011). Compared to the other R2R3 MYB proteins, DUO1 has a 

supernumerary lysine (K66) within the R3 repeat. DUO1 homologs in all angiosperm 

species examined in these studies were found to possess this lysine, but no other R2R3 

MYB proteins were found to have this feature (Rotman et al., 2005, Brownfield et al., 

2009a). The closest sister clade to DUO1 is the GAMYB clade. Both clades are related 

to male reproduction.  

MYB domains are known to bind to double-stranded DNA (Solano et al., 1995, Solano 

et al., 1997, Gubler et al., 1999). The Gibberellin Response Element (GARE) sequence 

is TAACAAA, which was first discovered in barley (Skriver et al., 1991, Gubler et al., 

1995, Gubler et al., 1999). In A. thaliana, this sequence has been found in GAMYB target 

gene promoters and MYB97, MYB101, and MYB120 have been reported to bind the 

same sequence in the electrophoretic mobility shift assays (EMSAs) (Liang et al., 2013). 

On the other hand, DUO1 has a distinct binding sequence of A/TAACCGT/C and 

disruption of two copies of this motif in the HTR10 (histone H3.10) promoter almost 

eliminated the male germline-specific transcription of this promoter in planta (Borg et 

al., 2011). 

However, previous studies had not looked into the DUO1 homologs extensively across 

the whole plant kingdom. There was little knowledge regarding the origin of DUO1. The 

relation, similarities, and differences between the DUO1 and GAMYB proteins were not 

described in details, either. This chapter will go into the details of sequence variation 

among DUO1 homologs, and their complicated connections with the GAMYB clade. 

 

3.2 Sequence analysis of land plants DUO1 homologs 

A total of 85 nucleotide sequences of DUO1 homologs were compiled from 52 land plant 

species from different groups. The species and the copy numbers in each species are 

presented in a cladogram and discussed later (see Section 3.5). The data were collected 

from Phytozome (phytozome.jgi.doe.gov), Ensembl Plants (plants.ensembl.org), NCBI 

https://phytozome.jgi.doe.gov/pz/portal.html
http://plants.ensembl.org/
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(www.ncbi.nlm.nih.gov), and various sequencing projects (Albert et al., 2013, Nystedt 

et al., 2013).  

A typical DUO1 locus contains three exons and two introns (Figure 3. 1). The first intron 

is located within the R2R3 MYB domain. The second intron is usually in a position with 

highly variable sequences between species. However, the intron length can vary widely 

from less than 100 bp in Arabidopsis thaliana to more than 1 kb in Sphagum fallax. 

Some sequences were found to be incorrectly annotated (e.g. Selaginella moellendorffii) 

and improved gene-model predictions were made based on the GT-AG splicing site 

(Sharp and Burge, 1997). These predictions mainly required determining three critical 

parts of the sequence: the start codon ATG, the first intron, and the second intron. 

The start codon was identified as the closest upstream ATG that produced the correct 

open reading frame (ORF) for the R2 repeat. The first intron was identified by the GT-

AG splicing site and confirmed by the integrity of the R2R3 MYB domain. The most 

challenging prediction was for the position of the second intron. The first step was to 

look for the donor site (GT) near the first stop codon that breaks the ORF in the genomic 

sequence; the second step was to get all the downstream accepter site (AG) that produce 

a correct ORF, usually indicated by the C-terminal homologous protein sequence in 

DUO1 homologs; the final step was to exam all possible accepter site by checking for 

the polypyrimidine tract and the branch site (Black, 2003). 

 

 
Figure 3. 1 Structure of DUO1 locus in A. thaliana (At3g60460). 
At3g60460 represents a typical DUO1 locus in all land plants, which contains three exons (894 

bp in total) and two introns (169 bp in total). The three exons are 188 bp, 262 bp, and 444 bp 

(excluding stop codon), respectively. The two introns are 97 bp and 72 bp, respectively. The 

diagram was created using SnapGene®. 

  

http://www.ncbi.nlm.nih.gov/
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  Protein Lengths of DUO1 Homologs 

 Angiosperms 

AthDUO1 SlyDUO1A SlyDUO1B OsaDUO1 MacDUO1 AtrDUO1 

297 319 304 343 322 288 

Pre-angiosperms 

PabDUO1 SmoDUO1A SmoDUO1B PpaDUO1A PpaDUO1B MpoDUO1 

437 373 456 493 489 402 

 
Figure 3. 2 DUO1 protein length variation in different land plants. 
Some of the sequences with typical protein lengths from both angiosperms and pre-

angiosperms were displayed here. The box and whisker plot included 88 sequences collected 

in total. Ath=Arabidopsis thaliana, Osa=Oryza sativa, Sly=Solanum lycopersicum, 

Atr=Amborella trichopoda, Pab=Picea abies, Smo=Selaginella moellendorffii, 

Ppa=Physcomitrella patens, Mpo=Marchantia polymorpha. 

 

Once the CDS of the DUO1 homologs were predicted, the amino acid sequences could 

be analysed. The lengths of the complete DUO1 proteins showed variation between 

different species and clades (Figure 3. 2). Pre-angiosperm DUO1 proteins appear to be 

distinctively longer, ranging from 373 to 493 amino acids long, in comparison to 

angiosperm DUO1 homologs, which are around 300 amino acids and have a narrower 

range (288-343 aa). 

After all DUO1 sequences were aligned, it became clear that there are two conserved 

regions present within land plants (Figure 3. 3). The highly conserved MYB DNA-

binding domain and a region of lower conservation at or near the C-terminus, 

characterized by the conserved DxFD motif.  

As discussed in Chapter 1, MYB domains are well studied and known for their 

astonishing conservation. The DUO1 MYB domain is no different. Not only does it have 

high similarities between species, it also resembles other R2R3 MYB domains, which is 

discussed later in this Chapter. The proportion of acidic residues at the C-terminal end 

increased from only 16 % in bryophytes to 21-32 % in eudicots. Detailed sequence and 

functional analysis of the C-terminal region is presented in Chapter 5.  
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Figure 3. 3 Domain structure of DUO1 homologs from different land plant species. 
DUO1 proteins are shown for six representative species of major land plant clades, including 

eudicot (Ath=Arabidopsis thaliana), monocot (Osa=Oryza sativa), basal angiosperm 

(Atr=Amborella trichopoda), gymnosperm (Pab=Picea abies), lycophyte (Smo=Selaginella 

moellendorffii), and bryophyte clades (Mpo=Marchantia polymorpha). 

 

The initial observation suggested that both the MYB domain and C-terminus motif are 

in relatively fixed positions at either end. Further calculations demonstrate that the length 

of the region linking the MYB and the C-terminus is strongly correlated with the total 

length of the protein (Figure 3. 4). Thus it is reasonable to say that the length variations 

among DUO1 proteins are the results of the linking region length variations. This implies 

a possible detrimental effect of changes at either end. However, the fusion with different 

florescent proteins at both ends have been frequently used for the studies of DUO1. It is 

unclear whether this has caused the failure of expression in certain florescent protein 

fused constructs (mentioned in Section 1.2). Most angiosperm DUO1 homologs tend to 

have a total protein length around 280-350 amino acids long, and the linking region is 

around 160-200. The limited range of DUO1 protein length in angiosperms suggests that 

there may be greater functional constraints on protein length in angiosperms compared 

with pre-angiosperms. 
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Species Gene name Protein Length 
Linking Region 

Length 

Picea abies PabDUO1 437 274 

Marchantia polymorpha MpoDUO1 402 266 

Sorghum bicolor SbiDUO1A 378 219 

Ananas comosus AcoDUO1 349 184 

Oryza sativa OsaDUO1 343 180 

Zea mays ZmaDUO1A 339 191 

Lilium longiflorum LloDUO1 325 191 

Solanum lycopersicum SlyDUO1A 319 198 

Solanum lycopersicum SlyDUO1B 304 165 

Mimulus guttatus MguDUO1B 298 167 

Arabidopsis thaliana AthDUO1 297 175 

Amborella trichopoda AtrDUO1 288 162 

Carica papaya CpaDUO1 265 139 

Spirodela polyrhiza SpoDUO1 242 111 

Mimulus guttatus MguDUO1A 236 116 

 
Figure 3. 4 The MYB domain and C-terminus motif are located in conserved positions, 

the length of the linking region in-between determines the length of a DUO1 homolog.  

A total of 15 sequences from 13 Species was listed ranging from just 236 amino acids long 

(MguDUO1A) to 378 amino acids (SbiDUO1A, anigosperm), and 437 amino acids 

(PabDUO1, pre-angiosperm). The chart shows that the correlation between the protein total 

lengths and the lengths of the linking region (calculated from the end of the MYB domain to 

the DXFD motif) are strongly correlated (R² = 0.9358). According to the Gaussian correlation 

inequality (GCI) Theorem, we can expect most angiosperms have a DUO1 homolog 280-350 

amino acids long with the linking region around 160-200 amino acids. The ones that fall 

outside of these ranges may have risen as a result of evolution towards a special environment, 

or degeneration due to relaxed selection pressure (e.g. post duplication). 

 

There is no obvious conservation in sequence in the linking region. That is not to say this 

part of the protein is not important or can be replaced with any sequences. Some 

secondary structure predictions were made to search for any significant details. 
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First the hydrophobicity of different homologs was studied (Figure 3. 5). The 

hydropathicity (relative hydrophobicity) profiles were made using ExPASy (Kyte and 

Doolittle, 1982, Wilkins et al., 1999). These homologs, from A. thaliana, O. sativa, L. 

longiflorum, M. polymorpha, and S. lycopersicum were functionally tested (see Chapter 

4). There was no clear patterns in the diagrams that were shared by these proteins.  

 

 

 

 
Figure 3. 5 Hydropathicity profiles of various DUO1 homologs. 
There is no observable patterns of the DUO1 homologs. The peaks and valleys seem to be a 

bit tighter around the MYB region, and apart from MpDUO1, the hydropathicity of the other 

homologs before the C-terminal end reaches a low level. However, the significance of this 

feature is unclear. 
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Another feature that was looked into is shown in Figure 3. 6. The secondary structures 

of AtDUO1 were predicted using SPIDER2 (Heffernan et al., 2016). For all the 

predictions that were done by SPIDER2 in this work, the letters used are all in the 

Dictionary of Protein Secondary Structure (DSSP) classification: 

 G = 3-turn helix (310 helix). Min length 3 residues. 

 H = 4-turn helix (α helix). Min length 4 residues. 

 I = 5-turn helix (π helix). Min length 5 residues. 

 T = hydrogen bonded turn (3, 4 or 5 turn). 

 E = extended strand in parallel and/or anti-parallel β-sheet conformation. Min 

length 2 residues. 

 B = residue in isolated β-bridge (single pair β-sheet hydrogen bond formation). 

 S = bend (the only non-hydrogen-bond based assignment). 

 C = coil (residues which are not in any of the above conformations). 

 

The “H” indicates high probability of residues that might be in a helix. However, it 

requires a minimum of 3 residues to form a 310 helix, and 4 for α-helix, thus we do not 

need to consider the residues to be in a helical structure if the number of such connecting 

residues are only two or less, without any potentially connecting residues in the vicinity. 

On the other hand, the closely interspersed residues with high probabilities of being in a 

helix are likely forming one, such is the case of the third α-helix of the R2 repeat. 

Therefore, apart from the six α-helices in the MYB region, only one helix was predicted 

for the DUO1 secondary structure. This one helix inside the linking region was not 

present in OsDUO1 or SlDUO1A, thus unlikely being important in terms of evolution.  

The blue numbers indicate residues that have an extremely low relative accessible surface 

area (rASA). These values give information about the protein secondary and tertiary 

structure (Momen-Roknabadi et al., 2008). It is very intriguing that in the conserved C-

terminal region, the F279, L280, F283, and F288 all have a low rASA score, which could 

have the potential to form a helical structure. As mentioned earlier, the residues are 

relatively conserved among angiosperms, which leads to the similarities of the rASA 

values in the C-terminus. However, the secondary structure predictions for some DUO1 

proteins contain a helix structure in this region (see Chapter 4). 
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The linking region in this regard has not shown any recognisable patterns for the rASA. 

The sequence analysis to predict any functional conservation for this diverse region so 

far has not yet yielded any conclusive results. It is hard to imagine a conserved tertiary 

structure here given the diversity of the sequences and secondary structures among 

different species. The significance of the linking region therefore can only be determined 

by a more direct method (See Chapter 5). 

 

SPIDER2 result for AtDUO1 
 

The Predicted Secondary Structures for AtDUO1: 
 
SEQ : 1   MEAKKEEIKKGPWKAEEDEVLINHVKRYGPRDWSSIRSKGLLQRTGKSCR 50 

SS  : 1   ‐ ‐ ‐ ‐ H‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ HHHHHHHHHHHHHH‐ ‐ ‐ ‐ HHHHHH‐ ‐ ‐ ‐ ‐ ‐ H‐ H‐ H‐  50 
rASA: 1   78466653563415461053015106631462142037523253125313 50 

 

SEQ : 51  LRWVNKLRPNLKNGCKFSADEERTVIELQSEFGNKWARIATYLPGRTDND 100 

SS  : 51  ‐ ‐ HH‐ H‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ HHHHHHHHHHHHHH‐ ‐ HHHHHHHH‐ ‐ ‐ ‐ ‐ ‐ HH 100 
rASA: 51  23122313442655360445115101401552534115005415633443 100 

 

SEQ : 101 VKNFWSSRQKRLARILHNSSDASSSSFNPKSSSSHRLKGKNVKPIRQSSQ 150 

SS  : 101 HHHHHHHHHHHHHHHH‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐  150 
rASA: 101 14421343355336456878767677656766665647777565476666 150 

 

SEQ : 151 GFGLVEEEVTVSSSCSQMVPYSSDQVGDEVLRLPDLGVKLEHQPFAFGTD 200 

SS  : 151 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐  200 
rASA: 151 64554666566676577756466765565436356354645445443655 200 

 

SEQ : 201 LVLAEYSDSQNDANQQAISPFSPESRELLARLDDPFYYDILGPADSSEPL 250 

SS  : 201 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ HHHHH‐ ‐ ‐ ‐ ‐ ‐ ‐ HH‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐  250 
rASA: 201 34456356656555465444234625511551733212321256646544 250 

 

SEQ : 251 FALPQPFFEPSPVPRRCRHVSKDEEADVFLDDFPADMFDQVDPIPSP 297 

SS  : 251 ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ H‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐ ‐  297 
rASA: 251 45354432544634563663566653421133134521543564675 297 

 

Figure 3. 6 Secondary structure prediction of AtDUO1 using SPIDER2. 
There is likely a helix in the MYB domain where the “H”s were broken up, making it six α-

helices in the whole MYB region. This agrees with the literature studies on MYB proteins. 

There is one helix in the linking region, and no predicted structures in the C-terminal end. 

rASA, the relative ASA [0,9]; Buried residues with rASA <20% are labelled blue; in the 

Dictionary of Protein Secondary Structure (DSSP) classification, H = 4-turn helix (α helix). 

Min length 4 residues. 
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3.3 Protein model of the DUO1 MYB domain 

The conservation of the MYB domains can be seen in their identity and similarity scores 

(Table 3. 1). However, the identity scores drop quickly with rest of the sequence, from 

~22 % between AthDUO1 and OsaDUO1 to only ~9 % between AthDUO1 and 

MpoDUO1. 

Table 3. 1 Similarity (Identity) scores of the DUO1 MYB domains in land plants. 

Sim/Ide (%) AthDUO1 OsaDUO1 AtrDUO1 PabDUO1 SmoDUO1A MpoDUO1A 

AthDUO1 100  
    

OsaDUO1 89.5 (83.7) 100 
    

AtrDUO1 87.6 (79.8) 91.4 (86.5) 100 
   

PabDUO1 86.7 (75.0) 89.5 (79.8) 95.2 (87.5) 100 
  

SmoDUO1A 86.7 (76.0) 87.6 (78.8) 93.3 (86.5) 98.1 (97.1) 100 
 

MpoDUO1A 83.8 (71.1) 86.7 (76.9) 92.4 (84.6) 97.1 (96.2) 97.1 (95.2) 100 

Ath=Arabidopsis thaliana, Osa=Oryza sativa, Atr=Amborella trichopoda, Pab=Picea abies, 

Smo=Selaginella moellendorffii, Mpo=Marchantia polymorpha. 

Although mutation experiments have been done for the AtDUO1 at the amino acid level, 

yet little is known about its protein structure. In order to have a better understanding 

about how DUO1 is binding to DNA and where the Lysine 66 is, it is important to be 

able to visualise this protein. 

MYB protein family is well studied. Even though there is no close plant MYB protein 

structure that has been built through X-ray or NMR, other MYBs from human or mouse 

are already documented in the Protein Data Bank (Berman et al., 2000). A protein 

structure prediction based on an existing template from the PDB can be conducted using 

the website SWISS-Model (swissmodel.expasy.org) (Schwede et al., 2003, Arnold et al., 

2006, Berman, 2008, Berman et al., 2014). 

Since the MYB domain of DUO1 is much more conserved than the rest of the sequence, 

and it was clear that the MYB domain was the DNA binding region. So to use only the 

MYB domain was more likely to result in a reliable model that contains the DNA binding 

information. 
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The protein sequence used was the Arabidopsis thaliana DUO1 R2R3 MYB domain, 

which starts from the 8th to the 112th amino acid (Rotman et al., 2005). The sequence was 

then uploaded to the SWISS-Model website and the search for the templates was 

performed automatically using BLAST under the framework based on PERL (Berman et 

al., 2000, Kiefer et al., 2009).  

Two templates stood out from dozens of potential templates with a relatively higher 

GQEM score. Their SMTL ids are 1h8a.1.C (identity 48.51%, similarity 58.65%) and 

1gv2.1.A. The former one was from human and the latter one from mouse. However, 

only the 1h8a.1.C was in a DNA binding status (Tahirov et al., 2002), which was also 

expected for DUO1, so the model based on the first template was the preferable one. 

Two different models with the same template were built using two different alignments 

(Figure 3. 7). The PDB format files were then downloaded and imaged in the software 

PyMOL (DeLano, 2004, Labby, 2013). Using PyMOL aligning Model 1 to the template, 

102 residues were aligned, and the RMS (Root-mean-square) was 0.051 (90 to 90 atoms). 

For Model 2 aligning to the template, 102 residues were aligned, the RMS was 0.054 (89 

to 89 atoms). When the two models aligned to each other, for all 104 aligned residues, 

the RMS was 0.005 (81 to 81 atoms). Although the change was small, it concerned a 

major change in the secondary structure prediction. Thus it was worth determining which 

model was more probable for further functional studies. However, the true structure of 

the DUO1 MYB domain cannot be confirmed until a more direct approach is made, 

instead of predictions. 

Various tools were used for scoring the two models. On SWISS-MODEL, Model 1 had 

GMQE of 0.80 and QMEAN4 of -2.06; Model 2 had GMQE of 0.78 and QMEAN4 of -

2.49 (See Appendix). On ProSA (Wiederstein and Sippl, 2007), the Model 1 Z-Score was 

-5.87; and Model 2 was -5.98. On ERRAT (Colovos and Yeates, 1993), the Model 1 

overall quality factor was 83.333; Model 2 was 72.917. It showed the 9 residues that were 

supposed to be the second helix in Model 2 had the error values between 95%-99%; in 

comparison to only 2 residues in Model 1 at this region. 

These analyses showed that although the two models were very similar, Model 1 seems 

to perform slightly better in scores. However, the R2 repeat of this model only displayed 

two α-helixes, which would disrupt the hydrophobic core and the binding ability. This 

defies the well-established model of the MYB domain. 
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Figure 3. 7 The two protein models for the MYB domain of A. thaliana DUO1. 

Both models are built based on the template 1h8a.1.C. For Model 1, there are three α-helices 

in the R2 repeat and three in the R3; for Model 2, both repeats have three α-helices. The 

structure marked red is where the two models differ from each other. This is caused by the 

alignment difference of the arginine residue in the red box. This insertion breaks the missing 

helix in the prediction. Since the MYB domain is well known for having three α-helices that 

forms a hydrophobic core, the second model will be adopted in this thesis. Assuming DUO1 

MYB behaves similar to the template 1h8a.1.C, the last helix of each repeat interacts with the 

major groove of the DNA (Tahirov et al., 2002). 

 

Getting a closer look at the differences in the two alignments with their models, it 

revealed that Model 1 had an insertion in the missing helix, which was the arginine 

aligned to the alanine highlighted by the red box in Figure 3. 7 (R → A). Since there was 

no good reason to “squeeze” this residue in such an unfavourable conformation, and there 

was also a secondary structure prediction of an α-helix in this position (Figure 3. 4), 

Model 2 and its alignment are more likely to be the correct prediction. 
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In this thesis, Model 2 was regarded as the accurate prediction. This means all the 

analysis that based on the MYB protein structure assumed that there were three α-helices 

in both the R2 and R3 repeat. 

 

3.4 The origin and divergence of DUO1 and GAMYB family 

The DUO1 clade is closely related to the GAMYB clade. The MYB domains of these 

proteins show a high level of similarity (Figure 3. 8). During the research, three regions 

in the MYB domains of the two clades displayed significant differences from each other. 

They were consequently labelled A, B, and C by Dr Tomokazu Kawashima. The first 

region (A) in DUO1 forms a miR159 binding site in DUO1. It is located in the second 

helix of the R2 repeat. Region B contains a signature supernumerary lysine (K66), which 

is only present in DUO1 homologs. It is a part of sequence that links the R2 and R3 repeat. 

Region C forms the third helix of the R3 repeat, which is responsible for the target DNA 

interaction.  

To trace the origin of the DUO1 gene, the point where the DUO1 and GAMYB clades 

separate from each other is crucial. The sister clade to all land plants is the streptophyte, 

Charophyta. The homologs from this group have proven to be very informative. The 

alignment of these homologs with the land plant DUO1 and GAMYB proteins at the A, 

B, and C region was shown in Figure 3. 8. A Spirogyra DUO1 and a Chara DUO1 

homolog have the signature lysine in region B, but the closest Klebsormidum sequence 

does not. This suggests that DUO1 homologs first emerged in Charophyta after the 

separation of Zygnematophyceae, Charophyceae, and Klebsormidiophyceae. 

Interestingly, the Spirogyra sequence of DUO1 shows signs of degeneration, but the 

GAMYB proteins (which also related to male reproduction) of a Spirogyra species 

acquired from Blast4OneKP (db.cngb.org/blast4onekp) showed no sign of such 

degeneration in the MYB domain (alignment see Appendix). 

As discussed in Section 1.8, traditionally it is considered that the land plants lineage 

started from a group of Charales, Coleochaetales, or some members of the 

Zygnematophyceae. Recent evidence all supports the claim that the Zygnematophyceae, 

or a clade that also including the Coleochaetales lineage, is the closest relative.  

https://db.cngb.org/blast4onekp/
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Figure 3. 8 Alignment of the DUO1 and GAMYB MYB domains. 

The MYB binding domain of DUO1 is highly conserved and distinguish itself from its 

GAMYB relatives mainly in three regions (marked A, B, and C). The A region is changed in 

DUO1 to form a miR159 binding site. While the C region is regarded as DNA recognition site, 

the B region contains the DUO1 signature residue, Lysine 66 (K66). Homologs form Spirogyra 

panensis and Chara braunii bear this feature, despite some clear differences from the land 

plant homologs. However, the closest Klebsormidum homolog do not have K66, thus cannot 

be considered as DUO1 sequences. The protein model is an overlap of the MYB domains from 

the MpDUO1 and MpMYB13 (Mapoly1089s0002.1). The three regions are coloured and 

highlighted. MpDUO1 is shown in red and MpMYB13 is shown in blue. Ath=Arabidopsis 

thaliana, Osa=Oryza sativa, Atr=Amborella trichopoda, Pab=Picea abies, Smo=Selaginella 

moellendorffii, Ppa=Physcomitrella patens, Sfa=Sphagum fallax, Mpo=Marchantia 

polymorpha, Spr=Spirogyra pranensis, Cbr=Chara braunii, Kfl=Klebsormidium flaccidum. 

 

Here we used the genomes of Spirogyra pranensis and Closterium peracerosum 

(Zygnematophyceae), Chara braunii (Charophyceae), and Klebsormidium flaccidum 

(Klebsormidiophyceae) to search for candidates for DUO1 homologs. Then DUO1 and 

GAMYB proteins from various land plant species were selected, including bryophyte, 

lycophyte, gymnosperm, basal angiosperm, monocot, and eudicot clades. The 
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phylogenetic tree was rooted using the DUO1 clade to search for early divergent 

homologous sequences from algal species (Figure 3. 9). The result confirmed the finding 

from the alignment in Figure 3. 8. 

 

 
Figure 3. 9 Maximum likelihood tree for DUO1 and GAMYB phylogeny. 

DUO1 (red) and GAMYB (blue) homologs in land plants form two distinctive clades 

(Bootstrap 93 and 87). Algal (green) homologs were selected from Charophyta, the known 

sister group to Embryophyta, to search for the early DUO1 homologs. Representative species 

were chosen from major clades, including monocot, eudicot, basal angiosperm, gymnosperm, 

lycophyte, bryophyte, Zygnematophyceae, Charophyceae, and Klebsormidiophyceae. 

Homologs from Chara, Spirogyra, and Closterium are grouped with the DUO1 clade, 

consistent with the presence of the K66 in their sequences. The closest MYB homologs from 

Klebsormidium, however, do not appear to belong to either the DUO1 or the GAMYB clade. 

The phylogenetic tree was constructed using maximum likelihood with Generalised Time 

Reversible (GTR) Model and bootstrap (1000) values are shown at the nodes. 
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3.5 Expression patterns of DUO1 in land plants 

Expression patterns can be useful indicators of functional conservation. A change in the 

expression location would suggest a change in the protein function. The presence of 

DUO1 in Arabidopsis thaliana is strictly within the male germline cells. Some 

transcriptome studies suggest that this strict expression pattern is not only within 

Brassicaceae. In strawberry Fragaria vesca, DUO1 (gene12261) showed anther (late 

stages)-specific expression and the expression level was higher in isolated pollen 

(Hollender et al., 2014). In a grapevine microarray data analysis, hierarchical clustering 

(HCL) showed VvDUO1 expression was pollen-specific (Fasoli et al., 2012). In the 

Asterids family Solanaceae, DUO1 expression was only found in pollen in Nicotiana 

tabacum using microarray (Hafidh et al., 2012), and only in flowers for the two DUO1 

homologs in Solanum lycoperiscum (Bostan and Chiusano, 2015). 

In monocots, DUO1 was detected in Zea mays pollen (Table 3. 2) (Davidson et al., 2011), 

and this was independently confirmed by another RNA-seq experiment (Chettoor et al., 

2014). For Oryza sativa, the OsDUO1 was found in the sperm cells (Anderson et al., 

2013). 

Table 3. 2 RNA-seq data from Davidson et al (2011) show that two copies of the 

maize DUO1 homologs have no pollen expression, indicating a loss-of-function. 

 Gene Chr Pre-tassel Post-tassel Anther Pollen 

ZmDUO1A GRMZM2G105137 chr2 9.8 7.0 19.1 181.5 

ZmDUO1B GRMZM2G046443 chr1 13.4 6.0 0.0 0.0 

ZmDUO1C GRMZM2G311059 chr10 10.0 0.0 0.0 0.0 

 

The Lilium longiflorum generative cells EST research showed two possible AtDUO1 

homologs (Okada et al., 2006), GC0489 and GC1562 with the similarity E-value 

<1.6×10–32 and 4.0×10–47, respectively. In the L. longiflorum RNA-seq and cDNA library 

study (Lang et al., 2015), LlDUO1 (Unigene16620) was more than 12 times enriched in 

pollen than the rest of the tissues. 

In fact, this expression specificity can be traced back long before the emergence of the 

angiosperms. For bryophytes, in Physcomitrella patens, the PpDUO1A 

(PP1S16_281V6.1) is male specific while the PpDUO1B (PP1S114_136V6.1) showed 

male preferential expression (Ortiz-Ramirez et al., 2016). In Marchantia polymorpha, 

MpDUO1 (Mapoly0019s0071.1) is also male specific (Higo et al., 2016). Algal DUO1 
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homologs expression provided by Dr Asuka Higo further suggested that DUO1 was 

linked to male gametophytes from the very beginning. 

On the BAR (The Bio-Analytic Resource for Plant Biology) website 

(http://bar.utoronto.ca/), more DUO1 homologs expression patterns can be found. A 

selected few are presented in the Appendix. 

 

3.6 Diploidisation of the DUO1 clades 

Not only the expression patterns are conserved, the copy numbers of DUO1 also tend to 

remain at a low number (Figure 3. 10), in contrast to the GAMYB family (Figure 3. 9). 

If it is the case, the strict role of DUO1 within the male germline may have prevent it 

from finding other functions in other tissues, which leads to its diploidisation.  

 
Figure 3. 10 DUO1 homologs are found in all different land plant species. 

The cladogram is built based on the APG IV classification (Byng et al., 2016). The numbers 

after species names indicate those with multiply copies and their copy numbers. Yellow and 

orange circles indicate known whole genome duplication and triplication events respectively 

(see discussion in Chapter 1). 

http://bar.utoronto.ca/
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As discussed in Chapter 1, multiple whole genome duplication (WGD) events and, much 

rarer, whole genome triplication events have happened during the history of many clades 

in angiosperms. For example, two WGD have happened recently in the Brassicaceae, but 

instead of four copies of DUO1, most species examined only have a single copy except 

for Brassica rapa. The case of B. rapa is more complicated as its genome is triplicated 

(Wang et al., 2011). 

To confirm this idea, the monocot clade Poales which experienced two recent ancestral 

duplication events, was chosen as an example. The positive selection test was to see if 

all the DUO1 copies had a regular non-synonymous/synonymous substation ratio (ω). 

An ω value above 1 would indicate a higher mutation rate, which could be contributed 

through either a positive selection or a relaxed selection. The test was done by the Clade 

model and Branch-Site model using the PAML 4 package (Yang and dos Reis, 2011, 

Yang, 2007). 

The results are presented in Figure 3. 11. There were two known ancestral duplication 

events σ and ρ in the monocot clade (Tang et al., 2010, Muhlhausen and Kollmar, 2013). 

Interestingly, one could only observe the effect of one event through the collection of 

DUO1 sequences. It is possible that the extra copy from event σ was completely lost 

since one copy of DUO1 is functionally sufficient, and the same rapid diploidisation can 

also explain the single copy in Oryza sativa and Brachypodium distachyon. For clade 18-

29, relaxation happened right after the duplication, suggesting a loss of function. This is 

consistent with the mutated C-terminus regions of PviDUO1C/D and the lack of 

ZmaDUO1B in pollen (Table 3. 2). On the other hand, in the clade 18-19, one extra copy 

was released of selection pressure after the duplication events in both Panicum virgatum 

(b) (Missaoui et al., 2005) and Zea mays (a) (Gaut and Doebley, 1997). Similarly 

ZmaDUO1C was also absent in the pollen transcriptome data. These examples show that 

DUO1 has a strong tendency of diploidisation. However, relaxation were not detected in 

any of the three copies from Triticum aestivum, likely due to the fact that the 

hybridisation event happened less than half a million years ago (Marcussen et al., 2014, 

International Wheat Genome Sequencing, 2014), and the domestication started only 

around 10,000 years ago (Feldman and Kislev, 2007), too recent to allow many mutations 

to accumulate. Surprisingly, a positive selection was detected for the rice DUO1. Human 

cultivation could be behind this as reproduction advantage has always been rigorously 

selected by farmers.  
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Figure 3. 11 Positive selection and relaxation on different branches of Poales. 

The green box indicates elevated ω value in the branch in the Clade model test. Individual 

branches were then tested with the Branch-Site model. The green branches indicate relaxation, 

the red branch indicates positive selection detected (details see Appendix). The yellow boxes 

mark the known whole genome duplication events. Bdi=Brachypodium distachyon, 

Mac=Musa acuminata, Osa=Oryza sativa, Pvi=Panicum virgatum, Sit=Setaria italica, 

Sbi=Sorghum bicolor, Tae= Triticum aestivum, Zma= Zea mays. 

 

However, the power of selection pressure, or rather the lack of it, does not explain why 

the diploidisation of DUO1 was so rapid and happened in so many independent clades. 

In comparison, the GAMYB family seems to have proliferated into a huge clade after the 

WGD events in the angiosperms. That is not to say the GAMYB did not experience any 

loss-of-function events within the clades. For example, there are two homologs in the 

basal angiosperm A. trichopoda, but after two WGD in the Brassicaceae there are only 

seven homologs instead of eight in A. thaliana. Many GAMYB homologs were being 

lost as a result of the selection pressure being relaxed, and it is important to have a look 

at the speed of the loss to better understand how fast extra DUO1 copies are purified. 
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As shown in Chapter 1, for the seven homologs in A. thaliana, functional redundancy 

among MYB97, MYB101, and MYB120 were documented (Allen et al., 2007, Leydon 

et al., 2013, Liang et al., 2013), one copy is most likely lost in this sub-group. Separately, 

MYB33 and MYB65 are also redundant to each other (Millar and Gubler, 2005, Allen et 

al., 2007). So far, it is not clear whether redundancy exists between MYB81 and 

MYB104. In fact, evidence based on sequence analysis and expression patterns suggested 

that MYB104 might be drifting away.  

In the genus Arabidopsis, no homolog for AtMYB104 was found in A. lyrata, while the 

homolog in A. halleri showed many SNPs within the MYB domain indicating an elevated 

ω value, and a two-amino-acid deletion in the first α-helix of the R2 repeat which would 

cause instability of the MYB hydrophobic core. In the genus Capsella, both C. rubella 

and C. grandiflora have only one homolog in this clade, a similar situation as A. lyrata 

(Figure 3. 12).  

More information can be drawn from the microarray data (Twell, unpublished) of the 

male reproduction tissues (Table 3. 3). For all members of the A. thaliana GAMYB 

family, MYB33/65 have an early expressing profile, while MYB97 and 101 are highly 

expressed at a later stage. These expression patterns conform to the functional 

redundancies within the sub-clades. In contrast, MYB81 is expressed early in the pollen 

development, but MYB104 is not properly expressed at any stage. 

 

Table 3. 3 Microarray data for the A. thaliana GAMYB proteins shows the lack of 

MYB104 expression, a sign of possible degeneration. 

 ATH1 ATH1 ATH1 ATH1 ATH1 ATH1 ATH1 ATH1 

GENE RT SED LF UNM BCP TCP MPG SC 

MYB81 123.99558 127.61022 176.79341 348.36 316.71 232.9 348.73 131.73 

MYB104 189.63918 200.17492 171.08441 195.48 172.31 269.97 328.09 309.79 

MYB33 148.71945 332.40029 181.63719 211.39 289.5 339.48 298 54.8 

MYB65  352.39173 526.36104 322.99019 653.14 710.33 687.81 852.02 433.49 

MYB101  121.92441 256.78988 128.69023 269.88 320.96 2563.78 5505.05 213.03 

MYB120  147.08601 169.52675 140.66951 74.31 65.45 115.76 212.85 112.43 

MYB97 76.187873 95.122179 80.996561 100.5 113.35 532.66 1415.11 123.06 

RT = root; SED = seedling; LF = leaf; UNM = uninucleate microspore; BCP = bicellular pollen; 

TCP = tricellular pollen; MPG = mature pollen grain; SC = sperm cell. 
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A similar fate was found for the Arabidopsis MYB120 homologs, agreeing with previous 

studies that showed it was not a transcription activator (see Chapter 1). 

 
Figure 3. 12 The proliferation of GAMYB-like family in Brassicaceae. 

In basal Angiosperm Amborella trichopoda, only two homologs of the GAMYB proteins exist. 

They became two clades in Brassicaceae after two whole genome duplication events. For most 

GAMYB family members in Arabidopsis thaliana, there is a homolog in close-related species. 

Notably, AtMYB104 has no homolog in Arabidopsis lyrata, and only one homolog for the pair 

of AtMYB81/104 in the genus Capsella. This suggests that MYB104 homologs are 

degenerating in Brassicaceae species. The phylogenetic tree is constructed with maximum 

likelihood using Tamura-Nei Model and 1000 bootstraps (Tamura and Nei, 1993). All 

nucleotide sequences were from phytozome v12.0 (phytozome.jgi.doe.gov), including 

Amborella trichopoda, Arabidopsis halleri, A. lyrata, A. thaliana, Capsella grandiflora, and 

C. rubella. * indicate predicted loss-of-function mutations from sequence analysis, due to 

possible degeneration of the genes. 
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3.7 Discussion 

DUO1 first emerged within the fresh water green algae Charophyta. Dr Asuka Higo 

hypothesized the separation of DUO1 and the GAMYB family after a potential 

duplication. It is possible that the function of DUO1, though evolved in the past 500 

million years, has been conserved to control the male germline cell fate. The control over 

cell cycle, on the other hand, is more likely to be a recent innovation accompanies the 

rise of the angiosperms, as the network has changed since bryophyte (Dr Asuka Higo, 

unpublished). 

This hypothesis is in agreement with the structural conservation of the DUO1 proteins. 

The MYB domain, which is responsible for the target recognition has changed little since 

the Charophyta and the target binding sequences have remained the same since the 

bryophytes. In the next chapter, the position weight matrices of the top-scoring 8-mer 

DNA sequences is present done by my collaborator, bound by different MYB domains 

on a protein binding DNA microarray. These matrices have confirmed the binding 

sequences of both AtDUO1 and MpDUO1 are TAACCGT/CT/C, the same sequence as 

discussed previously in this chapter. However, the C-terminus that contains a possible 

activation domain has evolved both in sequence and in function, which will be discussed 

in Chapter 6. 

The concept of sex-biased gene expression has been well established through studies in 

animals (Ellegren and Parsch, 2007, Parsch and Ellegren, 2013). It was also found in 

brown algae (Martins et al., 2013, Ahmed et al., 2014, Lipinska et al., 2015, Lipinska et 

al., 2016), even for isogametes (Lipinska et al., 2013). These reproductive genes have 

also been reported to evolve at a high rate (Swanson and Vacquier, 2002, Wilburn and 

Swanson, 2015). For example, in Chlamydomonas reinhardtii the MID (MINUS 

DOMINANCE) decides the mating types and FUS1 is essential for the fusion of the + 

and – type cells, yet no homolog of FUS1 and only one homolog of MID was found in 

12 other species of Chlamydomonas (Ferris et al., 1996, Ferris et al., 1997). In most cases, 

the number of male-biased genes is higher than the one of female-biased genes (Ellegren 

and Parsch, 2007), following the “Bateman’s Principle” (Bateman, 1948), with some 

exceptions involving complex mating strategies like in human (Brown et al., 2009).  

Klebsormidium reproduce using zoospores (Marchant et al., 1973, Rogers et al., 1980, 

Rindi et al., 2008). The sexual reproduction in this group is still unknown. Zygnematales 
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like Spirogyra achieve sexual reproduction through conjugation (McCourt et al., 2000, 

Gontcharov et al., 2003), and Charales through heterogametes (McCourt et al., 2004, 

Kapraun, 2007). Based on the analysis of the homologous sequences presented earlier in 

this chapter, it is likely the earliest DUO1 homologs evolved after the separation of 

Klebsormidiophyceae and Charophyceae. Thus, the emergence of DUO1 was correlated 

with the beginning of sexual reproduction in Streptophyta. DUO1, along with the 

GAMYB homologs, could be the genes linked to heterogamy or sexual reproduction in 

this clade. 

However, while GAMYB family proliferated over time, e.g. 7 homologs in Arabidopsis 

thaliana, which fits the profile described above, DUO1 homologs remained a low copy 

number within most species. After any polyploidy events, DUO1 has a strong tendency 

of rapid diploidisation as demonstrated in the example of the monocot Poales. This lack 

of neo-functionalization suggests that the role of DUO1 might be much more 

fundamental and specific in the evolution of the male germline development. This could 

mean that a high dosage of DUO1 is potentially deleterious, which is supported by the 

ectopic expression experiments that showed activation of germ cell-specific gene 

expression in many non-germline cells (Brownfield et al., 2009a). 
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Chapter 4 Analysis of DUO1 Functional 

Conservation in Bryophytes 

 

Abstract 

DUO1 homologs are known to regulate male germline development in some angiosperms. 

Two independent pathways for cell cycle progression and differentiation in the male 

germline cells require the presence of DUO1 in Arabidopsis thaliana. Inside the 

angiosperm group, different DUO1 homologs are able to complement the phenotype of 

the A. thaliana duo1 mutant in planta, and activate target promoters in vivo. For pre-

angiosperms, the double fertilization process has never been observed, therefore it is 

unclear whether DUO1 homologs in these plants regulate cell division. The DUO1 

homologs analyzed in these pre-angiosperms have the same conserved MYB domain but 

the C-terminal end contain less acidic residues. DUO1 homologs from the bryophytes 

like Physcomitrella patens and Marchantia polymorpha showed the ability to recognize 

and bind to the same target promoter DNA sequences in A. thaliana, but could not 

activate them efficiently in vivo or rescue the cell differentiation defect phenotype in A. 

thaliana.  
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4.1 Introduction 

As described in Section 1.2, the function of DUO1 homologs as a regulator for cell 

division and cell differentiation for the male germline development process can be easily 

confirmed by complementing the duo1 phenotypes. Dr Ugur Sari has previously 

performed functional complementation experiments, and found that both the rice and one 

of the tomato (A) DUO1 homologues were able to rescue both failure of germ cell 

division and differentiation in A. thaliana duo1-1 pollen (Sari, 2015). 

This in planta complementation is a good tool for evaluating certain molecules function 

capability in a native context. Although it is not possible to quantify the transcriptional 

regulation once the complementation reaches full rescue percentage, it measures the 

overall biological functional activity by testing if the duo1 mutant with the transgene is 

fertile. Note that the signal quantification is still not achievable directly through the 

presence of the GFP marker, as there is little one can do to distinguish the two classes of 

“DUO1, RFP+ (transgene positive) GFP+ (transactivation positive)” and “duo1, RFP+ 

GFP+” pollen at the F1 generation. 

Another approach, the dual-luciferase transient assays were used in combination with the 

in planta complementation. For instance, as a much more time efficient method, 

molecules were often tested in the transient assays to see if they had any activation 

potential before creating any transgenic lines. For the same reason, it was also a preferred 

choice when a large number of constructs needed to be tested. In certain cases, artificial 

molecules were created to test if the alterations have any effect on the transactivation 

ability, so the quantitative measurement was more important than the native context to 

test the differences between the activities of the molecules.  

In Chapter 3, it was believed that DUO1 homologs had evolved in the green algae and 

fixed into its earliest recognisable form in the bryophytes. Many more functional test data 

have been generated for the angiosperm DUO1 homologs, yet without being summarised 

for an overall view previously. However, a main function of the DUO1 homologs in the 

angiosperms is to regulate the cell cycle progression during the pollen mitosis II (see 

Chapter 1). Pre-angiosperms do not have any pollen grains and thus the cell cycle 

progression of the germline cells are likely to have some differences. 
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In this chapter, previously unpublished data were collected and summarised to gain a 

broad understanding for the role of DUO1 within the angiosperm clade. Analysis of the 

DUO1 functions were also done in the bryophytes, representing the early land plants 

which the gametophyte stage dominates the life cycle, and the swimming sperms develop 

into maturity without the need for a series of cell divisions. 

 

4.2 Summary of functional conservation of DUO1 in angiosperms 

To standardise the in planta complementation rescue efficiencies, a chart with both the 

tricellular pollen (TCP) grain percentage and the HTR10 promoter activation percentage 

is presented in Figure 4. 1. This example is a reinterpretation using the data from (Vesty, 

2010). The percentage of the TCP and GFP-expressing pollen grains were counted and 

they represent the cell division rescue and the cell differentiation rescue, respectively. As 

expected, the negative control duo1-1+/- line had about 50 % TCP, GFP+ and 50 % BCP, 

GFP-. For the single insertion lines, half of the BCP, GFP- (25 %) type harboured the 

transgenes. If the transgene had full rescue abilities (e.g. AtDUO1), the TCP, GFP+ 

would become 50 % + 25 % = 75 %. 

 

 
Figure 4. 1 OsDUO1 functional test results reinterpreted to show the rescue of germ cell 

division and differentiation defects in Arabidopsis thaliana. 

Original data were collected from (Vesty, 2010) and reorganised for presenting in the fashion 

of this chart. The numbers show frequencies of tricellular pollen (TCP) and promHTR10:H2B-

GFP-expressing (GFP+) pollen in heterozygous duo1-1 plants, harbouring 

promDUO1:AtDUO1-mCherry (AtDUO1), promDUO1:OsDUO1-mCherry (OsDUO1), or 

without any construct (- DUO1). Error bars represent the SE. n ≥ 2 lines. 
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A series of DUO1 homologs (also see Chapter 5) were tested using the dual-luciferase 

transient assays. All the angiosperm DUO1 homologs tested, as in Figure 4. 2, showed 

abilities to activate Arabidopsis thaliana (Rosids) DUO1 target promoters, including 

Solanum lycopersicum (Asterid), Oryza sativa and Zea maize (commelinids), Lilium 

longiflorum (Lilioid), and Amborella trichopoda (basal angiosperm).  

Combined with the functional complementation results, it is reasonable to conclude that 

the core functions of DUO1 are largely conserved within the angiosperms. Interestingly, 

the DUO1 of A. trichopoda failed to express in planta (with C-terminal mCherry fusion) 

or in vivo (with C-terminal GFP fusion), similar to the case of SlDUO1B (Chapter 1). 

However, this leads to the questions regarding the functions of the pre-angiosperms 

DUO1 homologs. First, double fertilisation has never been observed outside the 

angiosperm clade, i.e. the cell cycle progression may not be required. Second, the 

emergence of DUO1 coincided with the establishment of sexual reproduction with the 

Streptophyta clade (Chapter 3). Finally, the sperm cells retained the ability to swim for a 

very long period, is this dramatic change reflected on DUO1 on any level? 

 

   
Figure 4. 2 Further tests of angiosperm DUO1 homologs activating Arabidopsis thaliana 

promoters in tobacco leaves. 

DUO1 homologs from Zea maize (A), Amborella trichopoda, and Lilium longiflorum were 

tested separately on a known DUO1 direct target HTR10 promoter. All of them demonstrated 

various abilities of activation. The ZmDUO1A was also tested with a GFP tagged at the C-

terminal, and was selected after being predicted as the only functional copy of the three maize 

homologs in Chapter 3. Raw data collected by Mowaninuolajesu Ojo (Z. maize), James Walker 

(A. trichopoda), and Mikhaela Neequaye (L. longiflorum). 
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4.3 In vivo test of Physcomitrella patens DUO1 homologs 

To understand more about the DUO1 homologs from pre-angiosperms, the first model 

bryophyte chosen was the moss Physcomitrella patens. There are two homologs in P. 

patens, likely due to a recent whole genome duplication (WGD) event. 

The cDNA of both genes were obtain by Dr Sari and contain slight variations compared 

to the sequence predictions available (Sari, 2015). However, note that the nomenclature 

used in his thesis was “Pp1S114_136V6 and Pp1S16_281V6 were named as PpDUO1-

A and PpDUO1-B”. This is the exact opposite of the nomenclature used in this thesis 

(namely PpDUO1A: Pp1S16_281V6 and PpDUO1B: Pp1S114_136V6). This was to 

name the genes according to the GO numerical order, strictly for the purpose of easy 

communication with other academics involved or might be involved in relevant works. 

All names used in the thesis were based on this nomenclature. 

The complementation for both genes were carried out by Dr Sari. However, PpDUO1B 

(Pp1S114_136V6, named A in his thesis) failed to express the mCherry signal, and 

PpDUO1A (Pp1S16_281V6, named B in the thesis) did not show any rescue for the cell 

division defect (~50 % TCP) when expressed. It was not clear what had caused the failure 

of expression of the PpDUO1B. 

To circumvent this problem, two T-DNA vector based constructs pB2GW7-PpDUO1A 

and pB2GW7-PpDUO1B were made. Both constructs contained a CaMV 35S promoter 

to drive effector expression, which was the same promoter used to drive the Renilla 

luciferase expression in the internal control plasmid (pB2GW7-RenLuc). This resolves 

the potential promoter expression difference by simply normalizing the results. The 

constructs were then tested in transient assays using tobacco leaves (Figure 4. 3). The 

transient assays were independently repeated by Mikhaela Neequaye and showed similar 

results (see Appendix). 

The Arabidopsis thaliana DUO1 served as a positive control, which gave a standard level 

of activation above the no effector negative control. Neither constructs of P. patens 

DUO1 demonstrated any ability to increase the target HTR10 promoter activity after 

being introduced into the infiltration mixtures. 
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Figure 4. 3 The two constructs from P. patens failed to activate AtDUO1 target HTR10 

promoter in vivo. 

All three homologs were transformed into a pB2GW7 vector. AtDUO1 served as a positive 

control. Neither moss DUO1 effectors showed a Fluc/RLuc ratios level significant deviated 

from the negative control with no effector. *** p<0.01. 
 

These results suggested that neither the PpDUO1A nor PpDUO1B have the functional 

activity which is conserved within the angiosperm. However, as described in Chapter 3, 

the MYB domains of DUO1 homologs from A. thaliana and P. patens (similar to M. 

polymorpha) share more than 70 % in identity and 80 % in similarity. The protein models 

of the two can also be overlapped well (Figure 4. 4 A). Thus, it was suspected that the 

MYB domain of the PpDUO1 homologs could still recognize and bind to the same target 

sequence as AtDUO1. 

To demonstrate if the PpDUO1 MYB domain can bind to the same target, an artificial 

chimeric molecule was made (Figure 4. 4 B), with PpDUO1B N-terminal region stops 

after the MYB domain, and the C-terminal region of the AtDUO1, referred to as 

“PpChimera” in the following context. This was achieved by amplifying the two relevant 

fragments through PCR, using primers designed with overlapping overhangs (see 

supplementary). Then using both fragments as templates in a single reaction, amplify 

with the attB1 and attB2 adapter primers. After the optimization for the thermocycler 

programming, the conditions were set as normal except for the first ten repeating cycles 

the annealing temperature at 45 °C for better hybridisation between the templates, and 

the rest cycles return to normal at 55 °C annealing temperature. 
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Figure 4. 4 PpDUO1B N-terminal region (MYB domain) was used to fuse with AtDUO1 

C-terminal region to create a chimeric molecule. 

A. Protein models of PpDUO1B and AtDUO1 MYB domains overlaps well. Red = AtDUO1 

MYB; Green = PpDUO1B MYB. B. The chimeric molecule was created using PCR, the 

alignment shows where the conjunction is right after the MYB domain. Yellow = MYB 

domains; Red = C-terminal motifs. 

 

This chimeric molecule was then tested in the transient assays with the HTR10 promoter. 

Although this approach could not give back the exact binding sequence of the PpDUO1B 
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MYB domain, it could provide information of its in vivo ability to activate the same target 

as AtDUO1, of which the binding sequence is known (Borg et al., 2011). The results are 

shown in Figure 4. 5. 

The PpChimera construct was able to raise the activation level of the target HTR10 

promoter to ~50 % of the AtDUO1 (positive control) level, in comparison to PpDUO1 

homologs with no evidence of activation. When the concentration of the PpChimera 

construct was increased to four times of the standard amount by using a higher 

concentration of cells, the activation level was increased further above the positive 

control AtDUO1. Although the response was not linear, it demonstrated that the 

PpChimera construct was responsible for the increase of the activation level.  

This result agreed with the aforementioned hypothesis that the PpDUO1B MYB domain 

can recognize and bind to the same target promoter sequence as AtDUO1, the difference 

in the activation abilities between AtDUO1 and PpDUO1 homologs were mainly due to 

the C-terminal region of the molecules. This is further demonstrated and discussed later. 

 

  
Figure 4. 5 PpDUO1B N-terminal region (MYB domain) fused with AtDUO1 C-

terminal region creates a chimeric molecule that has in vivo activity. 

The PpChimera molecule was able to activate the target HTR10 promoter to ~ 50 % of the 

AtDUO1 level, while PpDUO1B with the same N-terminal region failed to activate this target. 

The increase of concentration of the PpChimera constructs also led to an increased activation 

level of the target promoter, indicating the activation increase was the direct result of the 

presence of the PpChimera. This demonstrated that PpChimera is an activator and its MYB 

domain (PpDUO1B MYB) is able to recognize and bind to the same target sequence as 

AtDUO1 MYB domain. *** p<0.01; *4, four times effector concentration. 
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4.4 Knockout test of the Physcomitrella patens DUO1 homologs 

Even though PpDUO1 homologs failed to activate AtDUO1 targets in vivo or in planta, 

they are still very likely regulating the male germline development in P. patens, 

interacting with a different network of genes. 

Genes of P. patens can be accurately targeted through homologous recombination (HR) 

as discussed in Chapter 1 and 2. The moss transformation vectors used in this work were 

the same as and received from Schaefer, 2010 (Figure 4. 6). They contain ~1000 bp of 5’ 

and 3’ genomic fragments of the native target genes (PpDUO1 homologs), flanking a 

35S:nptII resistence-mediating cassette (Lindner et al., 2014). The plasmids pBNRf and 

pBHRf have a 35S:neoR and a 35S:hygroR cassette respectively, cloned between two 

LoxP sites in a pMCS5 derivative backbone (Schaefer et al., 2010). 

The targeting arms of the two PpDUO1 homologs were designed as below and then 

amplified using PCR. 

For pBNRf, restriction sites BamHI and XhoI were designed for the 5’ targeting arm, 

NotI and PacI for the 3’ targeting arm. This was used to target Pp1s16_281V6.1 

(PpDUO1A). PpDUO1A 5’ targeting arm starts from 915 bp upstream of the start codon 

ATG and ends at ATG (exclude, same as for the PpDUO1B). PpDUO1A 3’ targeting 

arm starts 702 bp upstream of the stop codon and ends at 192 bp downstream of the stop 

codon. 

For pBHRf, restriction sites HindIII and XhoI were designed for the 5’ targeting arm, 

NotI and PacI for the 3’ targeting arm. This was used to target Pp1s114_136V6.1 

(PpDUO1B). PpDUO1B 5’ targeting arm starts from 1343 bp upstream of the ATG and 

ends at ATG. PpDUO1B 3’ targeting arm starts 300 bp upstream of the stop codon and 

ends at 1123 bp downstream of the stop codon. 

In both cases, the targeting arms would ensure the complete disruption of the MYB 

domain, which was shown to completely disrupt the DUO1 functions in Borg, 2011. 

The plasmids were cut using BamHI and HindIII prior to the transformation, as 

transformations using circular plasmids have a much higher frequencies of random 

transgene integration, in comparison linear plasmids can ensure more gene-targeted 

insertions (Smidkova et al., 2010). 
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Figure 4. 6 Gene targeting in Physcomitrella patens using homologous recombination. 

Homologous targeting arms (blue and purple) are based on the genomic sequences surrounding 

the target genes. The two constructs targeting the two PpDUO1 homologs both carry targeting 

arms ~ 1000 bp. After transformation, the selection marker (green) in the successfully knocked 

out lines would express the relevant antibiotics. 
 

PpDUO1A was successfully knocked out. This was verified using PCR by Dr Lindner 

(see Appendix). However, the knockout lines did not show any obvious phenotype 

(Figure 4. 7). PpDUO1B did not yield a knockout line due to contamination during the 

selection process. 

In Chapter 3, it was shown in the microarray data that the PpDUO1A was expressed 

exclusively in the male tissues, while the PpDUO1B signal was also detected in the 

female tissues. However, the PpDUO1A knockout line was fertile and able to produce 

spores. This indicated that PpDUO1A is not essential for antherozoid development, 
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which may imply that PpDUO1A and PpDUOB are functionally redundant, despite the 

expression pattern difference. 

 

 

 

 
Figure 4. 7 The single knockout line for the PpDUO1A in Physcomitrella patens did not 

display any obvious phenotype and was fertile. 

However, the understanding about the fertility is very limited, as the only knowledge gained 

is that the sperms of this knockout line was able to produce spores. PpDUO1A is male specific, 

instead of male preferential like PpDUO1B (Chapter 3), which indicates the redundancy 

between the homologs. The photos show one mutant line compared to a wild type (up) and 

other mutant F1 lines (down, picture provided by Dr Lindner). 
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4.5 In vivo test of Marchantia polymorpha DUO1 homolog 

In recent years, the rise of CRISPR technology provided the world with new 

opportunities to explore. Marchantia polymorpha, for instance, has become a new model 

organism for bryophytes with only a single DUO1 homolog.  

The focus on the bryophyte for this work was also shifted to M. polymorpha in 

collaboration with Dr Asuka Higo from Prof Takashi Araki’s group of Kyoto University 

and Dr Tomokazu Kawashima and Dr Michael Borg from Prof Frederic Berger’s group 

of the Gregor Mendel Institute (GMI) in Austria. The following content has been 

submitted but not published. 

In M. polymorpha, one DUO1 homolog (Mapoly0019s0071.1) and two GAMYB 

homologs (initially labelled MpMYB13 and MpMYB14, the nomenclature adopted in this 

thesis, available on Phytozome as Mapoly1089s0002.1 and Mapoly0023s0101.1) have 

been identified (Chapter 3).  

The binding ability of the MpDUO1 MYB domain was first tested in the same way as 

the PpDUO1 MYB domain. A chimeric molecule using the N-terminal region including 

the MYB domain from MpDUO1 fused with the rest C-terminal region from AtDUO1, 

MpChimera, was created by PCR.  

The GAMYB homologs were predicted to have a different targeting sequence, due to the 

differences in certain residues in the MYB domain. Therefore, a similar chimeric 

molecule, GAChimera, was made using the N-terminal region of the MpMYB13. This 

molecule was tested alongside with MpChimera. Diagrams of all relevant molecules are 

shown in Figure 4. 8. 

MpDUO1, in contrast to the PpDUO1 homologs, was able to activate the A. thaliana 

HTR10 promoter, although it was an even weaker activator compared to OsDUO1. The 

MpChimera was able to rescue the activation level to a comparable level as PpChimera, 

which was expected given the similar sequences of the two in the MYB domain. The 

GAChimera, on the other hand, showed no evidence of target activation. 

This indicated not only the MpDUO1 MYB domain recognise and bind to the same target 

sequence as AtDUO1, but the role as an activator for MpDUO1. The weak activation 

ability of MpDUO1 was also shown in planta when transformed into A. thaliana plants. 

It was able to rescue the cell division phenotype fully, but showed no  
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Figure 4. 8 Chimeric molecules were made from MpDUO1 and MpGAMYB (MYB13), 

fused with the AtDUO1 C-terminal region. 

The approach is the same as for the PpChimera. Molecules were made using PCR, then put 

into tobacco leaves for transactivation tests. MpDUO1 shows a weak ability to activate the A. 

thaliana HTR10 promoter. MpChimera was able to increase the target promoter activity into 

~50 % of the AtDUO1 positive control, comparable to the PpChimera. The GAChimera did 

not show any activation capacity. Yellow/Orange = MYB domains. 
 

rescue of the cell differentiation phenotype (Higo, unpublished). 

As discussed in Chapter 3, the key differences between a DUO1 MYB domain and a 

GAMYB MYB domain were identified in three regions. Therefore, a series of hybrid 

mutants were created with site-directed mutagenesis (Figure 4. 9).  

In Construct 2-4, the Region A, B, and C were switched to the sequences of GAChimera 

MYB sequences, respectively. In Construct 5, both Region B and Region C were 

switched, and all three regions in Construct 6. Construct 8-12 contained reciprocal 

switches from GAChimera to MpChimera sequences. These constructs helped to gain 

further understanding in which regions were critical for the DUO1 target sequences 

recognition and binding.  

0.04

9.02

1.51

3.86

0
1
2
3
4
5
6
7
8
9

10

FL
u

c/
R

Lu
c

0.19

11.01

0.64

4.96

0.35

0

2

4

6

8

10

12

14

FL
u

c/
R

Lu
c



Chapter 4    Analysis of DUO1 Functional Conservation in Bryophytes 

71 

 

 

 

  
 

 

 

 

 

 
Figure 4. 9 Hybrid molecules were constructed using site-directed mutagenesis. 

Construct 1 and Construct 7 are the MpChimera and GAChimera, used as the positive control 

and negative control, respectively. Construct 2-4 and 8-10 all contain one region that has been 

switched to the opposite sequence (MpChimera to GAChimera or vice versa). Construct 5 and 

11 have both Region B and C switched. Construct 6 and 12 have all three region switched. 

Changes in Region A and C involves only substitutions of residues, while changes in Region 

B create a 2-amino-acid length difference (MpChimera to GAChimera is -2, and the reverse is 

+2). Construct 2-4 contains single region switch of Region A, B, and C. Con4 had the most 

reduced activity out of the three, Con3 also showed a huge decrease. Con2 showed a significant 

increase in its target activation after the disruption of the Region A. Combination of the 

changes reduced the activation ability to a level similar to Con4. The reciprocal constructs 

designed to increase the activation ability of Con7 did not behave as expected. None of the 

constructs showed any increase in the activation level. Boxes indicate switched regions. 

 

These constructs were then tested in the transient assays to activate the A. thaliana 

HTR10 promoter. Construct 2-6 were tested to see the detrimental effects on the 

disruptions of the three regions. Construct 8-12 were also tested for attempts of activation 

ability restoration. 
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For the single region switch variants, disruption in Region A (Con2) not only failed to 

have a negative effect, but showed an enhancement of the activation ability. This was 

possibly because of the mutation destroyed the miR159 binding site, which is discussed 

in the next chapter. Switch of the Region B (Con3) had a strong negative effect on the 

activation level. However, since this region is not directly involved in DNA recognition, 

this could be the result of the protein length change between the R2 and R3 repeat. The 

loss of the two amino acids might have affected the flexibility of the MYB domain, which 

in turn affected its DNA binding ability. The change in Region C (Con4) showed the 

greatest impact on its target activation ability. This was not surprising since it forms the 

third α-helix, which is crucial for the MYB target sequence recognition. The double and 

triple switch had similar reductions on target activation level as Con3 (change in Region 

B). However, they retained a low level of binding ability, similar to the mutation to the 

W86G mutation, which a core residue of the R3 repeat is replaced (Borg, 2011). 

However, none of the changes made was able to increase the target activation ability of 

the GAChimera, which was dictated by the MYB domain binding ability towards the 

DUO1 target sequence. This suggests that there are other sequences or residues that 

contribute to the target sequence difference of the two proteins, even though the three 

regions contain most of the differences in the MYB domain between the DUO1 and 

GAMYB. 

Assuming the remaining length of the region between the R2 and R3 domain still 

provides enough flexibility after the switch of Region B in the GAMYB, the binding site 

recognition is mainly dependant on the third α-helices of the two domains. Since the helix 

of R3 (Region C) was replaced in the Con5 & 6, the most probable cause for the binding 

failure was the difference in the third helix of the R2 repeat (Figure 4. 10). 

This is the region where the R2 repeat interacts with the target DNA as mentioned. 

Although only two amino acid changes exist here, i.e. from alanine to valine (AtDUO1 

V54) and histidine (side chain pKa 6.0) to lysine (side chain pKa 10.5, AtDUO1 K56), 

and they would result in only a limited shift in the polarity of this region, the structures 

of the side chain might also play a role in the DNA recognition. The H → K switched an 

aliphatic side chain to an aromatic one, while the A → V increased the size of the side 

chain. These two amino acids adjacent to the core tryptophan W53 are critical and must 

be properly placed (Saikumar et al., 1990, Heim et al., 2003). 
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Figure 4. 10 The third helix of the R2 repeat may carry key residue changes responsible 

for the binding failure for the constructs. 

Potential targets are labelled with the red arrows. Although these changes do not largely affect 

the polarity of the region, they do have huge differences in their amino acid side chains. Blue 

box = GAMYB; Red box = DUO1. 
 

In a different approach, Dr JM Franco-Zorrilla from the Centro Nacional De 

Biotecnologia in Spain were successful in in vitro characterisation of the DNA binding 

sequence specificity for some of these constructs (Figure 4. 11). These results showed 

the details of how the small changes in these regions altered the target binding sequences. 

For the AtDUO1 and MpDUO1, the binding sequence were the same G/AACGGTTA, 

which is the reverse complementary sequence to TAACCGT, as predicted by Dr Borg 

(Borg et al., 2011). The target sequence for the GAMYB protein, MpMYB13, was not 

conclusive. Neither was the binding sequence for the K. flaccidum R2R3 MYB homolog. 

Although for MpMYB13, the second highest scoring motif has the same binding 

sequence as the highest scoring motifs for the Construct 4-6. 
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Figure 4. 11 Region C, which located in the third α-helix of the R3 repeat, is the 

responsible for the target sequence recognition. 

This helix sits in the major groove of the target DNA (orange). Changes of residues here will 

very likely change the target sequence. The residues shown in sticks (blue = GAMYB; red = 

DUO1) and marked with red arrows in the alignment are predicted to interact with the target 

DNA (Solano et al., 1997). The DNA binding specificity of some MYB domains from Figure 

4.9 were tested by Dr. Franco-Zorrilla, through position weight matrices of the top 8-mer DNA 

sequences bound on a protein binding DNA microarray (Franco-Zorrilla et al., 2014). 
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As discussed earlier, Region C is required for the target recognition, and the key residues 

responsible can be predicted (Solano et al., 1997). Although there was only one such key 

residue change (S → N), the binding sequence of the Construct 4-6 changed from 

AACGGTTA to TACCGGTA, a similar but definitely different one. 

With these results combined, the current model is that Region C, which forms the third 

helix of the R3 repeat that directly interacts with its target DNA, contains a key change 

that separated the DUO1 clade and GAMYB clade a long time ago. Since then, the MYB 

domains of all DUO1 homologs have kept the same function and bind to the same 

sequences. All consequent changes in the molecules were the results of changes in the C-

terminal region of the proteins. This idea is further discussed in the Chapter 6. 

 

4.6 Discussion 

DUO1 and the GAMYB proteins evolved from a common ancestor R2R3 MYB protein 

in the fresh water green algae. Although both clades are involved in the male 

reproduction, GAMYB homologs are not male germline-specific, unlike DUO1. 

DUO1 homologs have been functionally linked to reproduction male germline 

development since at least bryophytes. They assumed much more specific roles after the 

emergence of the angiosperms. Evidence suggests that DUO1 homologs from this clade 

are able to replace one another and still fully support the transcription network required 

for the germline development. 

The function of a DUO1 homolog can be tested with either the in planta complementation 

or the in vivo dual-luciferase transient assays. Both methods provide useful information 

as shown in the results above. However, they also have their drawbacks. For in planta 

complementation, when the transgenes failed to express, such as in the cases of DUO1 

sequences from Solanum lycopersicum (A), Physcomitrella patens (A and B), and 

Amborella trichopoda, no conclusion could be drawn from the experiments. This method 

is also time consuming, requiring two generations of plants. For the transient assays, the 

activation of a target promoter does not necessarily translate into a functional network in 

the native context, or guarantee a stable expression for the protein itself. 

Bryophyte DUO1 homologs are not functionally replaceable with angiosperm DUO1 

homologs, or vice versa. This is possibly due to the different regulatory networks 



Chapter 4    Analysis of DUO1 Functional Conservation in Bryophytes 

76 

 

between the two groups. Nevertheless, the MYB domains from the two groups can still 

recognise and bind to the same target sequence. The MYB domain contains some 

important changes in comparison with the GAMYB protein MYB domain. 

One of the key region for the target sequence specificity is located at the third α-helix of 

the R3 repeat, a few residue changes in the region would result in a target sequence 

change. 

Another change happened between the R2 and R3 repeat, and became the DUO1 

signature residue, Lysine 66 (K66). If this residue and the adjacent two residues were 

replace to a GAMYB residue, the target sequence would also change. However, it is 

worth noting that in this design, there is a two-amino-acid length change. 

Previously, the K66 was deleted or mutated for AtDUO1, but no such dramatic result 

was achieved (Borg, 2011). In fact, the deletion of the K66 (ΔK66), which shortens the 

protein length by one amino acid, increased the activation ability of DUO1 in vivo. 

Considering MpDUO1 is one amino acid longer than AtDUO1 (an extra arginine), the 

ΔK66 has the same length as the Construct 3, thus should behave similarly. It remains 

unclear why one has a stronger binding affinity towards the original target and the other 

one changed its target sequence. There are sequences outside the three examined regions 

that are contributing to the target sequence specificity. It is possible the changes in these 

sequences between the MpDUO1 and AtDUO1 were responsible for the different 

behaviours of ΔK66 and Con3.  

The last change examined was not required for the sequence recognition. Instead, it 

became a microRNA-binding site in the core angiosperms. However, the role of the 

miR159 on DUO1 remains a speculation. 
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Chapter 5 The microRNA Regulation of the 

DUO1 and GAMYB Clades 

 

Abstract 

Although it has been reported that AtDUO1 contains an miR159 binding site, and the 

miR159 regulation of DUO1 expression has been independently observed many times 

during ectopic expression experiments, no miR159 regulation inside the germ cells has 

been reported so far. The miR159 binding site is located in a region where significant 

amino acid changes have occurred during the emergence of DUO1, which separated this 

clade from the GAMYB proteins. However, miR159 does not exist in the bryophytes, 

only its relative miR319. Binding site positions and mismatch comparison evidence 

indicated that the miR159 regulations were recruited separately in the DUO1 and 

GAMYB clades. By comparing the DUO1 binding sites in different clades from 

bryophytes to angiosperms, and the miR159/319 family history, a hypothesis was 

proposed that the gaining of the miR159 binding site was a random event through genetic 

drift, and subsequently losing this site could be a nearly neutral mutation that 

occasionally gets fixed in some species. 
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5.1 Introduction 

Binding sites for miR159 have been identified in the transcripts of both DUO1 and 

GAMYB in Arabidopsis thaliana (Jiang et al., 2004). Sequence comparisons in Chapter 

3 revealed that the miR159 binding sites for the two clades were located in different parts 

of the genes. This strongly suggested that the regulation of these two groups by miR159 

might have developed independently. 

Detailed evidence have been collected for the regulation of the GAMYB members through 

miR159, as discussed in Chapter 1. The precursor of miR159 in the bryophyte 

Marchantia polymorpha miR319 has also been reported to cleave the target GAMYB 

mRNA (Tsuzuki et al., 2016). Information about either the miR159/319 or the 

DUO1/GAMYB in Charophyta algae remains elusive. No credible miR159/319 homolog 

has been found in Chlorophyta (Zhao et al., 2007, Li et al., 2014c). 

On the other hand, most of the evidence for the miR159 regulation of DUO1 was based 

on ectopic expression. The miR159 resistant form mDUO1 caused a severe phenotype 

when expressed using the LAT52 promoter, but not the native form DUO1 (Brownfield 

et al., 2009a). An independent study using the 35S promoter also came up with similar 

results, with mild defects in 33 % of the T1 plants caused by DUO1, but severe defects 

and sterility in 40 % of T1 and mild defects in most of the remaining T1 plants by 

mDUO1 (Palatnik et al., 2007). Based on these observations, it was proposed that 

miR159 regulation was important for the normal function of DUO1. 

However, DUO1 is normally expressed exclusively inside the male germline cells and 

has a conserved regulatory region in its promoter (Peters et al., 2016). The pollen-specific 

ARID1 was shown to bind to the promoter region of DUO1 in the ChIP assay and 

positively regulate its expression in BCP and TCP (Zheng et al., 2014). It was proposed 

that miR159 and ARID1 co-regulate the expression of DUO1 in the vegetative and 

generative cells but so far this model remains speculative, considering no expression 

feedback loop of the two was reported in the study.  

Curiously, the DUO1-RFP signal and the DUO1 transcript was only reduced to around 

half of the normal level in arid1-1. An expression difference was also observed for the 

DUO1 protein variants using miR159 sensitive/resistant forms by Dr Michael Borg. It 

was later quantitatively measured and presented in this chapter. 
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5.2 The miR159 clade evolved from the miR319 

Since both DUO1 and GAMYB homologs in A. thaliana are regulated by the microRNA 

miR159, which is closely related to the ancestral miR319 family (Palatnik et al., 2007, 

Li et al., 2011b), the miR159/319 evolution in plants becomes very important. 

There are six members of the miR159/319 clades in A. thaliana (3/3), five in P. patens 

(0/5, no miR159 exist), and only two in M. polymorpha (0/2) (Tsuzuki et al., 2016). The 

two MpmiR319 homologs have an identical sequence and were proven to target the 

AtMYB33 homolog in M. polymorpha (Tsuzuki et al., 2016, Lin et al., 2016). Three of 

the five miR319 homologs from P. patens also have the same sequence (Axtell et al., 

2007, Axtell and Bowman, 2008). All these sequences were aligned (Figure 5. 1). In A. 

thaliana, the three miR319 homologs had a 1 bp shift compared to the miR319 homologs 

in bryophytes, but the core sequences remained the same. The miR159 homologs had no 

shift compared to the bryophyte miR319s, but contained changes of nucleotides at both 

ends and one in the middle. 

Information about miR159 and miR319 homolog numbers from different plant clades 

were collected from the website miRBase (http://www.mirbase.org/) (Griffiths-Jones et 

al., 2006, Meyers et al., 2008, Kozomara and Griffiths-Jones, 2014). The miR159 does 

not exist in bryophytes, but has a copy in S. moellendorffii. This suggests that miR159 

and miR319 most likely separated from each other in lycophytes. 

Although the copy numbers of the miR159/319 homologs in different species fluctuate, 

it is important to note that in the case of A. thaliana miR159, the multiple copies have 

functional redundancy (Allen et al., 2007). 

 

  
Figure 5. 1 The two microRNA clades miR159 and miR319 are closely related. 

The miR319 homologs in bryophytes have the same sequence in both M. polymorpha and P. 

patens. They evolved into miR159 and miR319 two clades in lycophytes like S. moellendorffii. 

In A. thaliana, the miR319 sequences remain the same but have a 1bp shift. The miR159 

sequences has no position shift, but contain several nucleotide changes, mainly C → U. 

http://www.mirbase.org/
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5.3 The miR159 regulation depends on sequence complementarity 

Like the other microRNAs, the regulation abilities of miR159 on its targets can be 

directly affected by mismatches (Li et al., 2014b). Artificial versions of its targets altered 

at the binding sites have been shown to avoid its cleavage effect, like mMYB33 (Allen et 

al., 2007, Li et al., 2014b), mMYB101 (Allen et al., 2010), and mDUO1 (Palatnik et al., 

2007, Brownfield et al., 2009a). 

It is not yet clear if miR159 regulates DUO1 expression in the germline cells. However, 

there is evidence for the regulation ability of miR159 on DUO1 in leaf cells. A previously 

mentioned example of the mDUO1 in A. thaliana has been shown to cause severe 

phenotypes when ectopically expressed (Brownfield et al., 2009a). In transient assays, 

mDUO1 also shows a significant increase of its target activation levels compared to the 

miR159 sensitive native form of DUO1 (Borg, 2011). 

Many angiosperm DUO1 homologs contain an identical sequence at the potential 

miR159 binding site, like Oryza sativa. However, some DUO1 sequences analysed 

contained enough mismatching to the miR159 that they were predicted not to be 

regulated, like the monocot Lilium longiflorum. 

To confirm that the LlDUO1 is not under the regulation of miR159, a sensitive mutant 

form sLlDUO1 was created with the help of Mikhaela Neequaye (Figure 5. 2). In the 

exact opposite manner of making mDUO1, three nucleotides were mutated to ensure the 

matching between this artificial molecule and the miR159. Both versions of the LlDUO1 

and AtDUO1 were tested in the transient assays. 

The mAtDUO1 had an increase in activation of target promoters compared to the normal 

AtDUO1, confirming previous reports. The native form of LlDUO1, which does not 

contain a miR159 binding site, had a much higher activation level of the target promoters 

than the AtDUO1. The increase of its susceptibility to the miR159 caused a reduction in 

its activation abilities. The tests were performed on three different DUO1 target gene 

promoters, including HTR10, DAZ1, and DAA1. They all showed a similar trend for these 

constructs. 

This indicates that DUO1 homologs are not always susceptible to the miR159 

regulation, even in vegetative tissues. Within the core angiosperm group, most species 

have the miR159 binding site on their DUO1 sequences. Have they acquired this 
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feature separately in multiple branches, or did it evolve in a much earlier ancestor but 

some species have lost it later? The first step to answer this question would be to find 

out the history of the relationships between the miR159/319 and DUO1. 

 

 
>AtDUO1      >mAtDUO1 

TGGAGCTCCATTCGATCCAAA TGGAGCTCAATACGAAGTAAA 

|:||||||| |||:||||||| |:||||||  | |:|  :||| 

AUCUCGAGGGAAGUUAGGUUU AUCUCGAGGGAAGUUAGGUUU 

 

>LlDUO1      >sLlDUO1 

TGGAGTTCGATTCGTTCCAAT TGGAGCTCCATTCGATCCAAT 

|:|||:||  |||: |||||  |:||||||| |||:||||||  

AUCUCGAGGGAAGUUAGGUUU AUCUCGAGGGAAGUUAGGUUU 

 
Figure 5. 2 Not all DUO1 homologs are susceptible to the miR159 regulation. 

Increasing the mismatches between the miR159 and DUO1 in A. thaliana will make it resistant 

to the microRNA regulation. On the other hand, increasing the matches between the miR159 

and DUO1 in L. longiflorum can turn it from resistant to susceptible to the miR159. There are 

a number of DUO1 homologs outside and within the angiosperm group that do not contain a 

sequence matching for the miR159. They are predicted not to be regulated by it. Transient 

assays were performed by Mikhaela Neequaye. 
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5.4 DUO1 and GAMYB clades recruited miR159 separately 

Like other microRNAs, the miR159/319 clade evolves at a very slow rate. The only copy 

of miR159 in Amborella trichopoda has an identical sequence to the miR159a in 

Arabidopsis thaliana (Albert et al., 2013). These microRNA sequences start to become 

different outside the angiosperms, into the gymnosperms (Lu et al., 2007), or the 

lycophytes (Axtell et al., 2007). However, this rate of change cannot account for the 

relatively rapid changes in either the GAMYB or the DUO1 homologs. 

Although both can be regulated by the miR159 in A. thaliana, the binding site positions 

of the GAMYB genes and DUO1 are different. For the GAMYB clade, the binding site is 

outside of the MYB domain, but for DUO1 it is within the MYB domain which was 

labelled as Region A in Chapter 3. Therefore, until new evidence suggests otherwise, it 

is reasonable to assume the miR159 binding sites for the GAMYB clade and DUO1 clade 

are not evolutionarily homologous. 

The GAMYB family was under the regulation of miR319 in the bryophytes (Figure 5. 3). 

In Marchantia polymorpha, the miR319 was able to cleave its target GAMYB DNA 

MpMYB13 with four mismatches (Tsuzuki et al., 2016). As discussed previously, the 

miR159 separated from the miR319 in the lycophytes, and are known to be responsible 

for the regulation of the GAMYB genes in some angiosperms. All the GAMYB sequences 

that have been collected so far contain the miR159 binding site that has the same number 

of the mismatches as the MpMYB13 or less. 

This does not automatically imply that all GAMYB genes are directly regulated by 

miR159. For instance, the resistant form mMYB101 did not cause any phenotype in anther 

or pollen (Allen et al., 2010). Previously it has been reported that miR159 does not 

regulate its targets (e.g. MYB33/65) in vegetative tissues as it does in certain special 

tissues (e.g. seeds) (Alonso-Peral et al., 2012). 

On the other hand, DUO1 homologs were not likely to be regulated by miR159 until 

angiosperms (Figure 5. 4). Even in the basal angiosperm A. trichopoda, the supposed 

miR159 binding site contains too many mismatches to the sequence. This was the case 

for all the earlier divergent species examined so far. Most species within the core 

angiosperms contain the identical sequence for the miR159 binding. A few DUO1 

sequences, like LlDUO1, were predicted to be resistant. 
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        GAMYB      DUO1 

>AthMYB33 (miR159a)    >OsaGAMYB1 (miR159d)    >AthDUO1 (miR159a) 

TGGAGCTCCCTTCATTCCAAT  CCGAGCTCCCTTCAAGCCAAT   TGGAGCTCCATTCGATCCAAA 

|:|||||||||||| |||||   | ||||||||||||| |||||   |:||||||| |||:||||||| 

AUCUCGAGGGAAGUUAGGUUU  GCCUCGAGGGAAGUUAGGUUA   AUCUCGAGGGAAGUUAGGUUU 

 

>AthMYB65 (miR159a)    >OsaGAMYB2 (miR159e)    >OsaDUO1 (miR159c) 

TGGAGCTCCCTTCATTCCAAT  GCGAGCTCCCTTCGAACCAAT   TGGAGCTCCATTCGATCCAAA 

|:|||||||||||| |||||   : |||||||||||:| |||||   ||||||||| |||:||||||  

AUCUCGAGGGAAGUUAGGUUU  UCCUCGAGGGAAGUUAGGUUA   ACCUCGAGGGAAGUUAGGUUA 

 

>AthMYB81 (miR159a)    >AtrGAMYB1       >AtrDUO1  

TCGAGTTCCCTTCATTCCAAT  TGGAGCTCCCTTCAAGCCAAT   TGGAGCGCCATTCGATCCAAG 

| |||:|||||||| |||||   |:||||||||||||| ||||    |:|||| || |||:||||||: 

AUCUCGAGGGAAGUUAGGUUU  AUCUCGAGGGAAGUUAGGUUU   AUCUCGAGGGAAGUUAGGUUU 

 

>AthMYB97 (miR159b)    >AtrGAMYB2       >PabDUO1 

ATGAGCTCTCTTCAAACCAAA  TGGAGCTCCCTTCACTCCAAT   TGGAGTTCCATTCGCTCCAAA 

| ||||||:|||||| |||||  |:|||||||||||| |||||    ::|||:||| |||: |||||| 

UUCUCGAGGGAAGUUAGGUUU  AUCUCGAGGGAAGUUAGGUUU   GUCUCGAGGGAAGUUAGGUUU 

 

>AthMYB101 (miR159a)   >PabGAMYB1       >SmoDUO1A 

TAGAGCTTCCTTCAAACCAAA  TGGAGCTCCCTTCAAGCCAAT   TGGAGCTCCATTCGTTCCAAA 

|||||||:||||||| |||||  ::||||||||||||| ||||  |||||||| |||: |||||  

AUCUCGAGGGAAGUUAGGUUU  GUCUCGAGGGAAGUUAGGUUU   CCCUCGAGGGAAGUUAGGUUC 

 

>AthMYB104 (miR159a)   >PabGAMYB2       >SmoDUO1B 

TGGAGCTCCCTTCATTCCAAG  CGGAGCTCCCTTCAAGCCAAT   TGGAGCTCCATTCGCTCCAAG 

|:|||||||||||| |||||:  |:||||||||||||| ||||  |||||||| |||: |||||| 

AUCUCGAGGGAAGUUAGGUUU  GUCUCGAGGGAAGUUAGGUUU   CCCUCGAGGGAAGUUAGGUUC 

 

>AthMYB120 (miR159b)   >PabGAMYB3       >MpoDUO1 (miR319) 

AGCAGCTCCCTTCAAACCAAA  TGGAGCTCCCTTCAAGCCAAC   TGGAGTTCCATTCGTTCCAAA 

|: |||||||||||| |||||  ::||||||||||||| ||||  ||||:||| |||: |||||: 

UUCUCGAGGGAAGUUAGGUUU  GUCUCGAGGGAAGUUAGGUUU   CCCUCGAGGGAAGUUAGGUUC 

 

High level of matching to miR159 

 

Median level of matching to miR159 

 

Low level of matching to miR159/319  

 
Figure 5. 3 GAMYB homologs have been under miR159 regulation before angiosperms, 

while DUO1 homologs were only susceptible to miR159 regulation after the 

establishment of the core angiosperm group. 
In M. polymorpha, miR319 is able to cleave the target GAMYB with four mismatches. This 

level of matching between the GAMYB homologs and miR159/319 continued until the 

gymnosperms. The matching level has been increased in the angiosperms. For DUO1 

homologs, the miR159 binding sites, which locate inside the MYB domain, do not have the 

same origin as the ones from the GAMYB homologs. Even for the basal angiosperm A. 

trichopoda, the mismatch level between the DUO1 and miR159 are too high for any effective 

regulation. Parentheses indicate the microRNA with the maximum matching when multiple 

copies exist in the species; miR159/319 sequences were collected from miRBase. 
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High probability of miR159 regulation 

 

Median probability of miR159 regulation 

 

Low probability of miR159/319 regulation 

 
Figure 5. 4 The interaction between the DUO1 homologs and the miR159 was developed 

in the core angiosperm group, but the regulation is not always required. 

Although absent in the basal angiosperms and all groups before that, many species from both 

the eudicots and monocots have an identical miR159 binding site, suggesting this was evolved 

in the common ancestor of the two groups. Some species from different sub-clades contain 

mutations that disrupt the binding site. The cladogram was built using the same sequences of 

DUO1 described in Chapter 3. 

 

In Chapter 3, it was discussed that a key structural changes had already happened in the 

MpDUO1 MYB domain (Region A). Although this region from the two species looked 

similar structurally, one is susceptible to miR159 in A. thaliana but not the other to 



Chapter 5   The micro RNA Regulation of the DUO1 and GAMYB Clades 

85 

 

miR319 in M. polymorpha. In Chapter 4, it was also demonstrated that this region was 

not critical for the MYB DNA target binding and recognition functions. 

Combining these results, it seems that the changes happened in the MpDUO1 Region A 

was a mutation unrelated to the microRNA regulation. DUO1 recruited the miR159 for 

its regulation after the establishment of the core angiosperm group. The abundance of the 

resistance mutation in separate clades indicates this being possibly a type of slightly 

deleterious mutation (Ohta, 2011). In other words, the sequence variation in this site 

predicts that the advantage provided by the miR159 regulation on DUO1 is minute. 

Species with a small population size (e.g. speciation events) have a chance to lose the 

binding site without being purged by selection, and consequently fix the mutation 

through genetic drift. However, the mechanism of the fitness change is unclear. 

 

5.5 The in planta regulation of miR159 

The expression of DUO1 is restricted and only inside the germline cell nucleus (Chapter 

1 and 3). If the miR159 regulation on the DUO1 expression exists in this context, 

however subtle, it should be possible to measure the differences. 

Two constructs were made using the native form of DUO1 and the resistant form of 

mDUO1 from A. thaliana. They were attached to a red florescent protein “mCherry” and 

driven by the DUO1 promoter, namely pB7m34GW_promDUO1:AtDUO1-mCherry 

and pB7m34GW_promDUO1:mAtDUO1-mCherry. They were then transferred into 

regular wild type A. thaliana ecotype Col-0.  

The first direct observation was done by Dr Michael Borg who reported that the resistant 

form mDUO1 in plants appeared to have a lower expression level, contrary to the 

prediction that miR159 would cleave the sensitive native form of DUO1 and make it 

express at a much lower level. To confirm the observation, the experiment was then 

independently repeated, starting from making the two constructs. The expression levels 

were then measure indirectly through quantifying the mCherry florescence signal levels 

under the microscope (see Materials & Methods chapter). 

The experiment was repeated twice, and they yielded similar results. After transforming 

the constructs into the plants, a puzzling phenomenon was observed (Figure 5. 5). The 

plants that carried the mAtDUO1 transgene had an unusually high mortality rate after 
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being transferred into individual pots (60 out of 80 died), while the ones carrying the 

AtDUO1 transgene were unaffected (2 out of 80 died). Most of the death occurred during 

the principal growth stage I, when vegetative rosette development was gaining leaf 

numbers (Boyes et al., 2001).  In other stages, these individuals could not be 

morphologically distinguished from the wild type plants. Although there were fungal 

infections for the mAtDUO1 lines, the individuals selected for transferring did not appear 

to be infected, and the death did not occur at an earlier stage when the seedlings were 

more vulnerable to an infection. 

Same numbers of plants for each transgene were then collected and pooled together for 

the quantification of the protein expression. The results agreed with the initial 

observation from Dr Borg. In both experiments, the miR159 sensitive AtDUO1 was 

expressed at about twice the level of the miR159 resistant mAtDUO1 (Figure 5. 6).  

Although unlikely to be the reason, the three synonymous nucleotide changes might have 

an impact on the expression. An experiment has been designed to test that idea. The same 

two constructs were made with a new antibiotic (Hygromycin) selection marker: 

pH7m34GW_promDUO1:AtDUO1-mCherry and 

pH7m34GW_promDUO1:mAtDUO1-mCherry. They were transformed into the triple 

homozygous mutant miR159abc A. thaliana lines (Allen et al., 2007, Palatnik et al., 

2007). If these two proteins are expressed at the same level, it would show that the 

interaction with the microRNA was the reason for the difference observed in these 

experiments. 

However, given the expression level difference was preceded by the mortality rate 

difference, which had never been associated with codon optimisation previously, in this 

thesis it is assumed that the microRNA regulation was responsible for the observation. 

These results suggest that the miR159 regulates DUO1 in a completely different manner 

inside the germ cells, if at all. However, even if miR159 was responsible for increasing 

the expression of DUO1 through unknown mechanism, a two fold level change was 

unlikely to be “nearly neutral” as predicted earlier. On the other hand, if the regulation 

of the miR159 on DUO1 does not happen in the germ cells, then the lost of the miR159 

binding site would have little effect on DUO1 per se, ergo “nearly neutral”. That would 

make the resistance to miR159 not beneficial for raising the DUO1 expression level, but 

does not explain why the mAtDUO1 level was lower.  
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Figure 5. 5 The plants carrying the mAtDUO1 transgene had a high death rate at the 

principal growth stage I. 

Compared to the plants carrying the wild type AtDUO1 transgene of which most were growing 

normally, the mortality for mAtDUO1 was unusually high at this specific stage. Other stages 

of growth or tissues were not affected. Developmental map loosely adapted from the 

Arabidopsis eFP browser. 
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Figure 5. 6 The expression level of microRNA resistant mAtDUO1 was lower than the 

sensitive AtDUO1, contrary to the prediction. 

The average florescent sum intensity, which represent the transcription level for the mAtDUO1 

was only about half of the AtDUO1. The test was independently repeated twice and results 

were similar. If miR159 was reducing DUO1 transcript inside the germline cells, the results 

should be the opposite. Images were captured using a standard exposure time t=500 ms; error 

bars represent the SE; n=50; p<0.001. 

 

However, correlation does not necessarily imply causation. The chance of an unknown 

microRNA mechanism increased a target protein expression was much lower compared 

to a hidden condition set caused by the miR159. In this case, seemingly separate events 

might have been a Markov chain started at the earliest stage through unconscious sample 

selections, which in turn created the statistical and logical error “survivorship bias”. This 

is detailed in the discussion of this chapter. 
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5.6 Discussion 

The last change on the DUO1 MYB domain examined in Chapter 4 (Region A) was not 

required for sequence recognition. Instead it became a microRNA binding site in the core 

angiosperms. However, the role of the miR159 on DUO1 remains open to speculation. 

The interaction between DUO1 and miR159 happened after the establishment of the core 

angiosperm group. Incidentally, the regulatory region of DUO1 (ROD1) that is conserved 

in core eudicots was also believed to have developed around that period (ca. 140 mya) 

(Peters et al., 2016). DUO1 likely gained the binding site sequence and recruited miR159 

into its regulation network. This binding site however was mutated more frequently than 

it should have been if a high enough selection pressure was present, but it is also too 

conserved even for the MYB domain where synonymous mutations at the nucleotide 

level is common. This indicates that the gaining of the miR159 regulation is likely to be 

nearly neutral. 

According to the nearly neutral theory, a great number of the mutations are slightly 

deleterious, instead of completely neutral (Ohta, 1992). Compared to strict neutrality, the 

slightly deleterious mutation predicts the prevalence of the low-frequency 

polymorphisms (Ohta, 2011). Slightly deleterious mutation can be fixed due to genetic 

drift in small populations, such as in a speciation event (Ohta, 1973). This is consistent 

with the finding as miR159 resistance was mainly found in individual species or outgroup 

clades, but not in big clades where population sizes were big enough to eliminate such a 

mutation.  

This nearly neutral effect was unlikely to be the protein expression level difference 

observed in the miR159 resistant/sensitive DUO1 experiment. A two fold expression 

level change for a transcription factor regulating both cell cycle pathway and cell 

differentiation pathway networks would certainly be exposed to a high selection pressure, 

positive or negative. Therefore the regulation is unlikely to happen inside the germ cells, 

but in the vegetative tissues. 

This could potentially be the reason why mAtDUO1 lines had a high mortality rate and 

lower DUO1 expression level. Ectopic expression of DUO1 has s catastrophic effect on 

the plants (Palatnik et al., 2007, Brownfield et al., 2009a). The DUO1 promoter may not 

be strictly germline expressing, e.g. activated during the stress response at an early 
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developmental stage in the seedlings after transferred into pots. This would not be a 

problem normally as miR159 would silence the expression post-transcriptionally, but not 

if the DUO1 is miR159 resistant. Such a “leak” in certain tissues (e.g. meristems) might 

have manifested in the form of seedlings death. The ones developed into mature plants 

were able to survive that stage due to a lower DUO1 promoter activity, and this 

bottleneck effect would consequently lead to a lower DUO1 expression level in the 

quantification. 

Dr Borg did not report that he had observed a similar phenomenon regarding the fatality 

of the seedlings, but healthy looking young seedlings were more favourable to 

researchers during the sample selection, whether consciously or otherwise. Undisturbed 

mAtDUO1 line seedlings did not show a similar fate during the experiments. Therefore, 

it is likely Dr Borg did not trigger such a condition but inadvertently selected a similar 

sample population that was low on DUO1 expression due to the healthy appearance. 

It is reasonable to suspect miR159 to be responsible for regulating gene expressions 

during stress. Its sister clade miR319 in Arabidopsis thaliana are linked to a wide range 

of abiotic stress responses (Barciszewska-Pacak et al., 2015). Another hypothesis points 

out that many interactions between the microRNAs and their predicted targets are not 

physiologically relevant. Quite the reverse, some microRNA “targets” were argued to be 

regulating the microRNA level, and the proposed sign of a true regulated target was its 

sensitivity towards the microRNA level (Seitz, 2009). It is unclear whether DUO1 is 

sensitive to the miR159 level, but the GAMYB family could be effectively regulated if 

the miR159c was expressed at only 4% of the total wild type miR159 level (Allen et al., 

2010). The mismatching level of the two clades are similar in A. thaliana, which means 

it is possible that DUO1 is not sensitive to miR159 expression level and therefore not a 

regular target regulated by miR159.  

Thus, the slight advantage miR159 binding site bring can potentially come from two 

aspects. The prevention of the DUO1 ectopic expression during stress responses, and the 

regulation of the miR159 level in the non-germline tissues. The stress-induced promoter 

leakage is testable using the miR159abc mutant lines, by extracting the RNA after 

inducing the possible abiotic stress, e.g. wound, drought, salinity, etc. and then perform 

qRT-PCR to detect any DUO1 transcript. 
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Chapter 6 Evolution of a Transactivation 

Domain in DUO1 

 

Abstract 

The C-terminal region of DUO1 was shown to be responsible for the differences in 

transcription activation by DUO1 homologs of angiosperms and bryophytes. It includes 

an acidic rich C-terminus and a highly diverse linking region that connects to the MYB 

domain. Sequence analysis revealed a common motif for the two groups and a clade-

specific motif for each that separated the pre-angiosperms and angiosperms. Functional 

tests confirmed the importance of the common motif for the DUO1 transcriptional 

activation. The angiosperm-specific motif is required for high level activation in its 

native context, but this motif alone cannot increase the activation ability for the bryophyte 

DUO1 protein. Although the functional importance of the diverse linking region was 

recognised by the tests, no specific sequence or residue was identified. The characteristic 

sequence and ability to function in both the plant and animal kingdoms demonstrated in 

this chapter strongly suggest that DUO1 C-terminus is a member of the nine-amino-acid 

transactivation domain (9aaTAD) family. The transactivation mechanism of the 

AtDUO1 TAD was proposed to involve certain mediator complex.  
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6.1 Introduction 

In Chapter 4 it was discussed that the C-terminal region of AtDUO1 contains sequences 

that are required for the activation of its targets. The entire Marchantia polymorpha 

DUO1 C-terminal region was found to be sufficient to support germ cell division in 

Arabidopsis thaliana, but was not sufficient for complete sperm cell differentiation, 

including the activation of DUO1 target promoters, such as that of the male germline-

specific histone H3 variant (H3.10) termed HTR10. Further, the exchange of the A. 

thaliana DUO1 C-terminus for that of its counterpart from M. polymorpha was sufficient 

to support DUO1 function in the germline of A. thaliana. The sequence conservation and 

functional requirements of AtDUO1 and MpDUO1 C-termini were investigated. 

These data were consistent with the requirement for a region at the AtDUO1 C-terminus 

for the transcriptional activation of its targets, which was previously described in an 

analysis of a series of deletion variants of AtDUO1 (Borg, 2011). The largest deletions 

removed 185 and 175 amino acids from the C-terminal end and neither retained any 

transcription factor activity. The shortest deletion, DUO1ΔC3, removed the terminal 25 

amino acids, which possess 36 % acidic and 48 % hydrophobic amino acids respectively. 

This coincides with features of some known activation domains (Triezenberg, 1995). The 

DUO1ΔC3 variant fully complemented the failure of germ cell division of the duo1-1 

mutant, but the rescued sperm cells failed to activate the HTR10 promoter. This 

demonstrated the significance of the C-terminal 25 amino acids in DUO1 for the 

transcriptional activation and sperm cell differentiation. 

There are some similar protein domains known to act as a strong activation domains in 

eukaryotic cells. VP16, for instance, is a very strong activator in plants (Zuo et al., 2000, 

Storgaard et al., 2002, Silveira et al., 2007). The mechanism of VP16 is much better 

understood. 

 

6.2 Analysis of the DUO1 C-terminal sequence 

To identify candidate sequences which may be involved in the transcirptional activation 

by DUO1, amino acid sequence conservation of at the C-terminus was examined by 

alignment of DUO1 homologs retrieved from 50 angiosperms.  
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Using WebLogo (Crooks et al., 2004), a consensus sequence showing conservation of 

two motifs (DxFFDDFP & DMFD) was generated (Figure 6. 1).  However, this 

consensus was heavily influenced by the overrepresented groups like the Brassicaceae. 

The pre-angiosperm DUO1 C-terminal sequences contain some differences. The pre-

angiosperm DUO1 C-terminus conservation is longer than the angiosperms. When pre-

angiosperm DUO1 sequences were aligned with the representatives of selected 

angiosperm clades, Motif II (DM/VFD) was present in all sequences, but Motif I 

(FxDDFP) was absent from the pre-angiosperms. However, there seemed to be another 

motif upstream in the pre-angiosperm DUO1 sequences. 

To have the most representative consensus in both the angiosperms and pre-angiosperms, 

representatives from different clades were selected and separated into two different 

groups (Figure 6. 2). The consensus is shown using Jalview (Waterhouse et al., 2009). 

The angiosperm DUO1 group contains sequences from the basal angiosperm, basal 

eudicot, commelinid monocots, rosid, and asterid. The consensus had the same two 

motifs. While the pre-angiosperm DUO1 group also had two conserved motifs, only 

Motif II (DVFD) seemed to be homologous to the angiosperm Motif II. The pre-

angiosperm Motif I+ (DSCSPDSV) was not present in the angiosperm DUO1.  

Noticeably, both the length (Chapter 3) and the C-terminal region of the pre-angiosperm 

DUO1 homologs have maintained a high level of conservation from the bryophytes (ca 

500 mya) to gymnosperms (ca 150 mya).  

 

 
Figure 6. 1 C-terminal conservation of the DUO1 proteins. 

Fifty sequences from angiosperms were aligned to identify conserved motifs and to derive a 

consensus from their extreme C-termini using WebLogo. There are two conserved motifs with 

Motif I (DxFFDDFP) being less well conserved than Motif II (DMFD). The derived consensus 

is strongly influenced by the overrepresented core eudicot group. The sizes of the letters 

represent the relative conservation, or the proportion of the sequences that has the same residue 

at the site. 
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Figure 6. 2 Consensus of DUO1 C-termini for angiosperms and pre-angiosperms. 

Nine species representing major angiosperm clades were selected (basal angiosperm, basal 

eudicot, commelinid monocots, rosid, asterid). The same two previous motifs can be observed. 

All available pre-angiosperm DUO1 sequences within Embryophyta were aligned. The DUO1 

sequences of Selaginella moellendorffii and Sphagnum fallax were not predicted by the source 

but through the method described in Chapter 3. The pre-angiosperms contain the same second 

motif (DVFD, instead of DMFD), yet showed no sign of the first motif as in angiosperms 

(DxFFDDFP). Instead, they have their own consensus (DSCSPDSV) slightly upstream of 

where the angiosperms have their first motif. Alignment and consensus sequences are 

displayed using Jalview. Ath = Arabidopsis thaliana, Bdi = Brachypodium distachyon, Zma = 

Zea maize, Sly = Solanum lycopersicum, Aca = Aquilegia caerulea, Gma = Glycine max, Vvi 

= Vitis vinifera, Atr = Amborella trichopoda, Aco = Ananas comosus, Pab = Picea abies, Smo 

= Selaginella moellendorffii, Mpo = Marchantia polymorpha, Ppa = Physcomitrella patens, 

Sfa = Sphagnum fallax. 
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Significant changes happened for the male germline cells during that period. Diploid 

stage became the dominant phase of the life cycle, and the sperms lost the ability to swim. 

None of these events caused any significant changes in the DUO1 sequence. This 

indicates that the rapid changes in protein length and C-terminal sequences were due to 

the evolution in the angiosperms. Thus, Motif I emerged after the divergence of 

gymnosperms and angiosperms and this might have resulted in the functional differences 

between the early and later evolved DUO1 proteins. Due to the lack of a 3D model, the 

only approach was to see if any significant secondary structure is present at the C-

terminal region. The secondary structures of the same DUO1 homologs tested for 

hydrophobicity in Chapter 3 were predicted using SPIDER2 again (Figure 6. 3).  

 

AtDUO1 
SEQ : 251 FALPQPFFEPSPVPRRCRHVSKDEEADVFLDDFPADMFDQVDPIPSP 297 
SS  : 251 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 297 
rASA: 251 35355542654634553663467553332245134521545674786 297 
OsDUO1* 
SEQ : 277 ELLPMVQSVPMIMPFFGMECAHDAVKHGAFDDLPPNMFDDAVDQPPPPPPPPPP 330 
SS  : 277 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐H‐H‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 330 
rASA: 277 543455664554334345524453464310451355226655766777677777 330 
LlDUO1 
SEQ : 279 TVELPIFASSGSGQQGTPNDNSNSGEFDDFFNELPDMFDYWEDPPPG 325 
SS  : 279 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐H‐HH‐‐‐‐‐‐HH‐‐‐‐‐‐‐‐‐ 325 
rASA: 279 64635545566556554456655454254125513422532574588 325 
MpDUO1* 
SEQ : 346 EKLPMLYSNDPSIQEPDVKDSDSCSPDSVISGFAADVFDSLEPLCPAAPEWWVA 399 
SS  : 346 E‐‐‐H‐E‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐HHHHHHHH‐‐HHH‐‐‐‐HHHHHH 399 
rASA: 346 551443235466376664654761546332432135115314620531352023 399 
SlDUO1A 
SEQ : 270 RSSEIGVKREMAEIGVKREMEYPLTPDSFINDFPLDMFDYIDPLQSPSGW 319 
SS  : 270 ‐‐‐‐‐‐‐‐HHH‐HH‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 319 
rASA: 270 55655546554453345553643333521144134411331344647453 319 
SlDUO1B 
SEQ : 255 IDVLGHGFDNVEIPYVNRQIEKPLTPDSFIDDFPLDMFEHIEPLQSPSQW 304 
SS  : 255 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐HHH‐‐‐‐‐‐‐‐‐‐‐‐ 304 
rASA: 255 33433453544524434553654343421133123511432452756653 304 
 

Figure 6. 3 Secondary structure prediction of the DUO1 homologs using SPIDER2. 
These homologs were also chosen for the functional tests in Chapter 4. Only 3 or more residues 

connected together that marked with “H” were considered to have a potential helix. Although 

no secondary structure was predicted for AtDUO1 at the C-terminus in Chapter 3, the 

MpDUO1 and SlDUO1B both have a potential helix at the DMFD motif (yellow boxes). Both 

of them had a low activity in the transient assay compared to the other homologs. * OsDUO1 

ends at 343 aa and MpDUO1 ends at 402 aa. Blue numbers indicate low relative accessible 

surface area. 
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For some species, certain residues have high possibilities to form helices, but it requires 

3 or more residues connected together to have a potential helix. That leaves only the 

MpDUO1 and SlDUO1B with a potential helix at the DMFD motif. Both of them had a 

low activity in the transient assay (Chapter 1 and 4) compared to the other homologs. 

Thus it is possible that these residues in this position need to sit on the surface of the 

structure thus being in a helix might inhibit with its function at the DUO1 C-terminus. 

Since little information exists on the secondary and tertiary structure of the C-terminus 

other than what has been done in this work, the study of its specific function focused on 

the amino acid sequences. 

Using WebLogo, the two conserved sequence motifs from angiosperm DUO1 sequences 

were highlighted as before: DxFFDDFP and DMFDxxE/DP (Figure 6. 4). These two 

sequences of the motifs are similar to the 9-amino-acid Transactivation Domain 

(9aaTAD) sequences. Two highest score patterns predicted by the online “Nine Amino 

Acids Transactivation Domain 9aaTAD Prediction Tool” 

(http://www.med.muni.cz/9aaTAD/index.php) on the AtDUO1 C-terminus contain 7 out 

of 9 identical residues to known 9aaTAD members (Piskacek et al., 2015). 

Key features of 9aaTADs are their acidity (Hope and Struhl, 1986, Gill and Ptashne, 

1987), hydrophobicity (Drysdale et al., 1995), or both (Regier et al., 1993, Sainz et al., 

1997, Sullivan et al., 1998). There is evidence that even with similar chemical properties, 

not every residue contributes equally and that substitution of a single amino acid in the 

9aaTAD can significantly reduce transcriptional activity (Sainz et al., 1997). 

Due to the diversity of 9aaTAD sequences, it was difficult to predict which residues 

might be critical within the C-terminal region of AtDUO1, but there were four potential 

9aaTAD sequences based on the positions of the second consensus. 

1. 2-10 (xxxDxFFDD) 

2. 5-13 (DxFFDDFPx) 

3. 9-17 (DDFPxDMFD) 

4. 13-21 (DMFDxxEPx) 

Although two 9aaTADs present in a single region is not unheard of (e.g. p53), it is very 

common for the 9aaTADs to be surrounded by similarly acidic and hydrophobic residues. 

So it is very likely that the true 9aaTAD of DUO1, if exist, locates at one of  

http://www.med.muni.cz/9aaTAD/index.php
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Figure 6. 4 Angiosperm DUO1 C-termini consensus have features like 9aaTADs. 

There are two motifs within the angiosperm DUO1 C-termini. Their hydrophobicity profiles 

(blue curves) fits well with some of the known 9-amino-acid transactivation domain (9aaTAD) 

members (red curves). Manual alignments against known 9aaTADs show that there are high 

similarities between the known 9aaTADs and AtDUO1 C-terminus. 

 

the two conserved motifs, and the other was evolved to fine-tune its function. Given this 

hypothesis, it is more likely the case that the core sequence in all land plant DUO1 Motif 

II is the 9aaTAD and Motif I in different clades evolved to adapt its functions. 

Nevertheless, some known 9aaTAD sequences were manually aligned with DUO1 Motif 

I (DxFFDDFP) sequences in the C-terminal conserved region. Some of the same 

sequences could also be aligned to DUO1 Motif II (DMFDxxE/DP) sequences. 

Regardless of the true beginnings and endings of the two motifs, the amino acid 

substitutions within the most conserved residues of the two motifs (8-11 FLDD and 14-
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17 DMFD) were predicted to affect the properties and result in reduced transcriptional 

activation by DUO1.  

Identifying these key residues was crucial for designing experiments to confirm the 

potential TAD property of the AtDUO1 C-terminus. The importance of key residues is 

testable and has been tested in many TAD studies. 

 

6.3 Deletion and site mutation of the extreme C-terminal end 

To test the functional importance of these conserved regions, and identify the key 

residues in the C-terminus that are responsible for these functions, three AtDUO1 

variants and three MpDUO1 variants were constructed.  

For AtDUO1, these were FDQV → FDSL (AtDUO1FDSL), which served as a control 

that expected to have no change in activation ability; FLDD → FLSG (AtDUO1FLSG), 

which interfered with the first motif and expected to have a moderate impact on the 

transcriptional activity; and DMFD → KMFK (AtDUO1KMFK) which disrupted the 

core of the second motif and should have the strongest effect. The secondary structures 

were predicted using SPIDER2 (Figure 6. 5). The latter two also showed a helix at the 

extreme C-terminal end. 

These constructs were tested using the dual-luciferase assay in tobacco leaves (Figure 6. 

6). The AtHTR10 promoter was chosen as the reporter for these effectors. The results 

confirmed the prediction to a high degree. The activity of the DMFD → KMFK variant 

was the most severely reduced. The FLDD → FLSG variant which reduced the acidity 

of the C-terminus had a moderate effect on activity, and the FDQV → FDSL variant, 

with two substitutions at a non-conserved site, showed little change in activation.  

A parallel change of the DVFD → KVFK, and two reciprocal changes to the MpDUO1 

C-terminus were made by substitution in the AtDUO1 sequences (i.e. VISG → VIDD & 

FDSL → FDQV). For the AtHTR10 promoter activity, DVFD → KVFK reduced the low 

level activation of the MpDUO1 further as expected. VISG → VIDD was predicted to 

increase activation, but no statistically significant increase was observed. FDSL → 

FDQV showed a slight decrease of activation, although no significant difference was 

expected. 
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A GFP protein was C-terminally fused to all six constructs. They were tested in the same 

assays as a repeat. The same parts of the leaves injected with the Agrobacteria were then 

placed under a microscope to exam the GFP signal. The activation levels for these 

constructs had the same trend as their no-GFP counterparts. The GFP signals within each 

group were also comparable between constructs (see Appendix). 

The effect caused by residue changes in AtDUO1 C-terminus, in the case of FLDD → 

FLSG could not be reversed in MpDUO1. It made distinguishing the molecular 

mechanism of this activation difference much more difficult. The change of polarity or 

electric charge could be directly affecting the target interaction, or may have disrupted 

the local structure of the motifs as predicted by the secondary structure models. 

 

AtDUO1 
SEQ : 251 FALPQPFFEPSPVPRRCRHVSKDEEADVFLDDFPADMFDQVDPIPSP 297 
SS  : 251 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ 297 
rASA: 251 35355542654634553663467553332245134521545674786 297 
AtDUO1FDSL 
SEQ : 251 FALPQPFFEPSPVPRRCRHVSKDEEADVFLDDFPADMFDSLDPIPSP 297 
SS  : 251 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐H‐‐‐‐‐‐‐‐‐‐ 297 
rASA: 251 35354542654634553653556553322144134521555673786 297 
AtDUO1FLSG 
SEQ : 251 FALPQPFFEPSPVPRRCRHVSKDEEADVFLSGFPADMFDQVDPIPSP 297 
SS  : 251 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐H‐‐‐‐‐HHH‐‐‐‐‐‐‐‐‐‐ 297 
rASA: 251 35354543654634553552456542321144133611453663776 297 
AtDUO1KMFK 
SEQ : 251 FALPQPFFEPSPVPRRCRHVSKDEEADVFLDDFPAKMFKQVDPIPSP 297 
SS  : 251 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐HHH‐‐‐‐‐‐‐‐‐‐ 297 
rASA: 251 35455543655634663663456553431244134521654673786 297 
 

Figure 6. 5 Secondary structure predictions for the site-directed mutation variants. 

Similar to the MpDUO1 and SlDUO1B having a potential helix at the DMFD motif, FLSG 

and KMFK both showed a potential helix, and had a lower activity in the transient assay 

(Figure 6. 6). This agrees with the possibility that a helix in this position might be detrimental 

for DUO1 C-terminus activation ability. Yellow/cyan boxes = rASA changes. 
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Figure 6. 6 Effects of AtDUO1 and MpDUO1 site-directed mutagenesis on the HTR10 

promoter transactivation. 

Reducing the acidities in the conserved AtDUO1 C-terminal motifs decreased the activity of 

two mutants (DMFD → KMFK & FLDD → FLSG), while the control mutation (FDQV → 

FDSL) showed no significant difference from wild type DUO1. The disruption of the KMFK 

motif yielded the most dramatic effect, and the change of the acidity in the FLDD motif also 

significantly reduced the activation ability. Similarly, the change to the core DVFD motif to 

KVFK decreased the activity of the MpDUO1. However, the control mutation had a slight 

decrease compared to its wild type version, when expected to be the same. The increase of the 

acidity in Motif I FLSG → FLDD did not produce a statistically significant increase. The tests 

were repeated after fusing a GFP protein at the C-terminal end of each variant. 
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6.4 C-terminal end is not an independent transactivation domain  

In Chapter 4, it has been discussed that the MpDUO1 cannot efficiently activate the 

AtDUO1 targets, but MpChimera which changed the MpDUO1 C-terminal region with 

the AtDUO1 successfully raised its activation abilities. A key part responsible for the 

AtDUO1 activation abilities lies within in the last 25 amino acids AtDUO1 C-terminus 

Transactivation Domain (AtDUO1 TAD). Yet the key residue switches in the MpDUO1 

TAD failed to raise the activation abilities for MpDUO1. This indicates that the rest of 

the C-terminal region, referred to as the linking region in Chapter 3, also plays a key role 

in the activation abilities of DUO1. 

Five constructs were made to test this linking region (Figure 6. 7): 

1. MpDUO1-AtAD attached the AtDUO1 TAD at the end of the MpDUO1 

2. MpDUO1ΔC1-AtAD switched the MpDUO1 TAD with the AtDUO1 TAD 

3. MpDUO1ΔC2-AtAD deleted the 100 amino acids that are next to the TAD (C2) 

from the MpDUO1ΔC1-AtAD 

4. MpDUO1ΔC3-AtAD deleted the whole C-terminal region except for the 100 100 

amino acids that are immediately after the MYB domain (C4), then added the 

whole AtDUO1 C-terminal region 

5. MpDUO1ΔC4-AtAD deleted the 100 amino acids that are immediately after the 

MYB domain (C4) from the MpDUO1ΔC1-AtAD 

The first two constructs added the AtDUO1 TAD onto MpDUO1 directly or replaced the 

MpDUO1 TAD. They were designed to test the functional independency of the AtDUO1 

TAD, which evidence from the MpDUO1 TAD mutant variants suggested to be not the 

case. In the transient assays, neither of these constructs showed a significant increase of 

target HTR10 promoter activation compared to the MpDUO1. Interestingly, while the 

activation level of the MpDUO1ΔC1-AtAD showed no statistical difference at all, 

MpDUO1-AtAD had a significant decrease in comparison to MpDUO1. 

There are two simple explanations for this result. The first one is that the activator 

abilities of the AtDUO1 TAD require a larger region than the last 25 amino acids. The 

second one is the potential constraint for the linking region length in the angiosperm 

DUO1 (Chapter 3). To test if AtDUO1 TAD needs a larger region, MpDUO1ΔC2-AtAD 

and MpDUO1ΔC4-AtAD were constructs based on MpDUO1ΔC1-AtAD but kept the 
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linking region length consistent with the AtDUO1 and MpChimera. Two separate regions 

(C2 and C4) were deleted to avoid the possible influence of any potential inhibiting 

sequence. Neither constructs were able to increase the activation level. This means the 

AtDUO1 TAD requires certain upstream sequences to function properly. 

To test if the linking region length is restricted, MpDUO1ΔC3-AtAD extended a 

fragment from MpDUO1 after the MYB domain (C4) from the MpChimera. This made 

the elongated MpChimera the same length as the MpDUO1. Since the MpChimera had 

activation abilities both in vivo and in planta, the whole AtDUO1 C-terminal region 

definitely contained the proper sequences required for transactivation. This construct did 

not show an increased activation ability in the transient assay, either. 

 

 

 
 

 
 

Figure 6. 7 A series of variants using AtDUO1 and MpDUO1 fragment combinations. 

MpDUO1 cannot activate the AtDUO1 targets efficiently, while MpChimera is confirmed to 

be functional (Chapter 4). Although the C-terminal end region (C1) contains key changes that 

are related to high level of target activation, the rest of the sequences at the C-terminal region 

may also have a strong influence. Five constructs were built to determine whether the linking 

region length or the adjacent sequence next to the extreme AtDUO1 C-terminus (25 aa) is 

essential for its transactivation abilities. None of these constructs had an increased target 

HTR10 promoter activation level (blue bars) in the transient assay. Yellow = MYB domain; 

Red = C=terminal motifs. 
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Notably, there were some differences in the activation abilities of these constructs. The 

switch of MpDUO1 TAD to the AtDUO1 TAD did not alter the activation level. This 

agreed with the results of previous experiments where the increase of acidity did not 

affect the performance of the MpDUO1 TAD. The shortening of the linking region 

slightly but significantly reduced the activation ability, while lengthen of the linking 

region to the known activator MpChimera completely dismantled its activation function. 

 

6.5 A. thaliana DUO1 has activation functions across kingdoms 

Dr Borg has previously shown that for AtDUO1, the MYB domain alone did not have 

any activation capacity, while the removal of the TAD 25 amino acids (AtDUO1ΔC3) 

reduced the activation ability to an extremely low level (Borg, 2011). Due to the lack of 

any visible sequence conservation, after the functional analysis from OsDUO1 and 

SlDUO1A from Dr Sari (Chapter 1 and 4), it was first speculated that any unstructured 

region would be sufficient to form a linking region to support the function of the DUO1 

TAD. The functions of the DUO1 domains under this hypothesis can be summarised as 

Figure 6. 8 Model 1, in which the MYB domain is for DNA binding, the linking region 

and the TAD are a weak and strong activator, respectively. 

However, the results from the MpDUO1ΔC constructs indicate that the linking region 

plays a vital role in the activation function of DUO1. The activation ability of the DUO1 

TAD seems to be strictly limited by the linking region. In light of this new evidence, a 

second model was proposed in Model 2. While the linking region is still being considered 

an activator, the TAD is instead being viewed as an amplifier, not an independent 

activator. In other words, the revised DUO1 TAD now includes the extreme C-terminal 

end and a part of or the whole linking region. 

Under this model, the mutations at the AtDUO1 C-terminal end altered the amplifying 

quality of the module. MpDUO1 C-terminus had already boosted the level to the 

maximum capacity allowed by its linking region, the changes (MpDUO1VIDD & 

MpDUO1ΔC1) could not further raise it. The shortening of the MpDUO1 length 

(MpDUO1ΔC2/4) lower the linking region activation ability as a result of disruption. For 

MpDUO1ΔC3, the linking region was a mix of MpDUO1 and AtDUO1 sequence and 

had no activation ability.  
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Figure 6. 8 Two different models for the functions of different DUO1 domains. 

The MYB domain has been established as the DNA binding domain. In Model 1, the linking 

region and the extreme C-terminus are two separate activation domains, the latter being a much 

more potent one. In Model 2, the two parts are one integrated module, the linking region is the 

activator and the extreme C-terminus enhance the activation level. 
 

It also explains how algal DUO1 homologs can function as potential activators even 

though they lack any recognisable C-terminal motif. At its origin DUO1 might not have 

the need to boost its activation ability. It is important to recognise that this model only 

tries to tell which role each domain plays in the activation function, but does not explain 

the mechanisms of the activation. 

If this model is correct, then somewhere in the linking region lies the sequence 

responsible for the activation function of DUO1. To further investigate the role the 

linking region plays in activation, the test of AtDUO1ΔC3 was repeated in the transient 

assays with two more constructs, AtDUO1ΔC1 and AtDUO1ΔC2, which contained 

further C-terminal deletions into the linking region (Figure 6. 9). 

The result of AtDUO1ΔC3 agreed with the data from Dr Borg, which shows a huge drop 

in its target HTR10 promoter activation level compared to the full length AtDUO1. 

DUO1ΔC2 (233 aa) was 39 amino acids shorter than ΔC3 (272 aa), and ΔC1 (180 aa) 

was 53 shorter than ΔC2. No significant difference in their target activation levels 

between them was detected, but ΔC1 and ΔC2 only had about half of the level compared 

to ΔC3. This significantly reduced activation level demonstrates that the linking region 

does have sequences that are important for target activation, despite the lack of notable 

conservation. Interestingly, ΔC1 and ΔC2 still had some activation abilities left, 

suggesting the linking region might contain two different parts for activation. One of 

them is located in the 39 amino acids deleted from ΔC3 in ΔC2, while the other is 

between the MYB domain and the end of ΔC1. 
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It is rather curious how DUO1 can be replaceable with a homolog (e.g. OsDUO1) 

containing no obvious sequence conservation in the linking region, which may play a 

role so essential for activation and have a complex structure consists of different parts. 

This makes the conserved C-terminus TAD even more interesting. 

 

 
 

 
Figure 6. 9 All three C-terminal deletion variants have activation abilities. 

A. The results of the ΔC1 and ΔC2 were not significantly different from each other. They had 

a significantly lower activation ability than DUO1ΔC3, which was less than 20 % of native 

full length DUO1. This demonstrated that the linking region of AtDUO1 has some activation 

ability. B. The most likely scenario is that the activation ability is contributed by two possibly 

separate parts (red question marks). 

 

The DUO1 extreme C-terminal region is essential for the high level of activation of its 

targets. So far several key residues have been identified as important for its function, 

which possess charactistics of a transactivation domain. VP16 has been shown to be a 

potent transcriptonal activator in mammalian cells (Sadowski et al., 1988, Uesugi et al., 

1997), as well as in plant cells (Storgaard et al., 2002, Silveira et al., 2007). It was shown 

that it might function in a similar mechanism through interaction with the mediator 

complex, both in human cells and in Arabidopsis thaliana (Aguilar et al., 2014). 

Considering the similarity in sequences, it is possible that the DUO1 C-terminus is an 

interchangeable member of a large family of transactivation domains that includes VP16.  

One of the most famous example is GAL4 from yeast, which is known to function in 

animal and plant cells (Kakidani and Ptashne, 1988, Ma et al., 1988). Similarly, plant 
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TADs such as Dof1 has been confirmed to function in animal and yeast cells 

(Yanagisawa, 2001). Transcription factors ST1 from the plant Nicotiana tabacum and 

MSN1 from the yeast Saccharomyces cerevisiae have also been reported to be able to 

influence one another in both systems (Kim et al., 2006). More experiments on plant 

TADs have previously been done in yeast with VP16 as a control (Tiwari et al., 2012, Li 

et al., 2013a).  

To investigate this hypothesis, a hybrid DUO1 molecule was created of which the 

AtDUO1 TAD was replaced with the VP16 TAD. It was decided that the mammalian 

cell system previously assayed with a plant TAD (Dreb2a) and VP16 TAD (Aguilar et 

al., 2014), along with the usual plant system should be sufficient for the test to get a 

definite answer. 

The molecules were tested for complementation in planta. DUO1ΔC3 was capable of 

fully rescuing the cell division defect phenotype, but not activating the cell differentiation 

marker HTR10. It failed to transmit through the male when crossed with ms1 plant, either 

(Borg, 2011). When the VP16 domain was substituted for the AtDUO1 TAD 

(DUO1ΔC3VP16), it was able to fully rescue the cell division defect and activate the cell 

differentiation marker (Figure 6. 10). It was also fully transmitted as shown in Table 6. 

1. 

Table 6. 1 AtDUO1ΔC3VP16 rescues the male transmission of duo1-1 

     
2 

Significance 

Rescuing Transgene Lines PPTR PPTS PPTR:PPTS 2:1 1:1 

promDUO1:AtDUO1-mCherry 2 132 65 2.0:1.0 ns *** 

promDUO1:AtDUO1ΔC3VP16-

mCherry 
3 467 231 2.0:1.0 ns *** 

The promDUO1:AtDUO1ΔC3VP16-mCherry was introduced into duo1-1+/- plants, 

and seedlings from single locus T1 lines scored for PPT resistance; PPTR = resistant 

seedlings counted, PPTS = sensitive seedlings counted. 2 analysis was used to test 

for significant deviation from the expected ratio of 2:1 if there was a full transmission 

for the transgene, or 1:1 if there was no transmission; the AtDUO1 control data form 

Sari, 2015. ***P < 0.001. ns, not significant. 
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Figure 6. 10 VP16 can substitute the AtDUO1 TAD activation abilities in planta. 
The DUO1ΔC3 can rescue cell division defect but not cell differentiation. By attaching VP16 

onto the C-terminus it was able to fully rescue both pathways in planta. Error bars represent 

standard error, n = 3. 

 

To get more quantitative data, these molecules were also tested in the transient expression 

assays in two different cell systems for the Arabidopsis thaliana promoters activation 

levels (Figure 6. 11).  

In the transient assays (Nicotiana tabacum leaf cell), compared to full length AtDUO1, 

DUO1ΔC3 had less than 15 % of the activation level. After being attached with VP16, it 

was able to significantly boost the activation ability, with 60 % level of the wild-type for 

two promoters indicating the cell division and differentiation pathways (see Appendix 

for promDAZ1 activation).  

In the mammalian two-hybrid assays (Homo sapiens HEK 293T cell), all three molecules 

activated the target HTR10 promoter, demonstrating the cross-kingdom activation ability 

of DUO1 TAD as predicted. However, full length AtDUO1 had only double the 

activation level of DUO1ΔC3, a much lower ratio compared to the plant leaf cell system. 

Interestingly, the level of DUO1ΔC3VP16 was more than five times higher than the 

AtDUO1 level. This showed a sharp contrast and it is clear now that the activation 

abilities of the two TADs varies widely in different types of eukaryotic cells. 
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Figure 6. 11 VP16 and AtDUO1 TAD both have activation function across kingdoms. 
Compared to AtDUO1, DUO1ΔC3 had less than 15 % of the target HTR10 promoter activation 

level in tobacco leaf cells. DUO1ΔC3VP16 was more than 5 times higher, about 60 % of the 

AtDUO1 level. The VP16 activity surpassed AtDUO1 in human cells, more than 5 times 

higher. Interestingly, the DUO1ΔC3 can also act as an activator in both systems, although to a 

much lower degree. 

 

6.6 Discussion 

The AtDUO1 C-terminus conservation provided a great insight into the conservation of 

the DUO1 function. Many DUO1 homologs in species with multiple copies have lost its 

C-terminal TAD (e.g. Zea mays, Glycine max, etc.). There have been some curious 

occasions. For example, potato (Solanum tuberosum) has a single copy with mutated 

DMFK. This is possibly due to the existence of another functional copy that was not 

found since only a homozygous doubled-monoploid potato clone was sequenced (Potato 

Genome Sequencing et al., 2011). Alternatively, this could be indicating reduced 

reproductive ability in favour of vegetative growth (MalkinaPykh, 1996).  

DUO1 homologs exist in green algae and possibly function as an activator using the 

sequences that are not conserved in any clade. The C-terminal motifs likely emerged in 

land plants as an activation domain to accommodate the changes in reproductive gene 

network. The sudden shifts in sequence conservation and activation ability from the 

gymnosperms to angiosperms remain unexplained. In angiosperms, genes like GCS1 and 

GEX2 have been recruited into the DUO1 regulation network, consequently DUO1 might 

require a higher activation ability to synchronise their expressions. Angiosperm DUO1 

proteins achieved that by developing a highly acidic transactivation domain. For all 

intents and purposes, the mechanisms of the TADs are yet to be understood. 
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In eukaryotic cells, almost all transcription of the RNA pol II promoter requires a 

mediator complex (Takagi and Kornberg, 2006). For instance, several known 

transcription factors of the 9aaTAD family, including Gal4, Oaf1 and Pdr1, have been 

reported to rely on the transcriptional mediator MED15 (Piskacek et al., 2016). 

To look for a mediator candidate for DUO1, it is useful to look at its TAD replacement 

VP16. The key sequence for the VP16 activation is DFDLDMLGD (Sandholzer et al., 

2007, Aguilar et al., 2014). VP16 was shown to bind both human and A. thaliana 

MED25ACID (ACtivation Interaction Domain) (Milbradt et al., 2011, Vojnic et al., 2011, 

Aguilar et al., 2014). AtMED25 is known to be involved in different stress response 

pathways (Elfving et al., 2011). The Dreb2a from A. thaliana can also interact with both 

MED25ACIDs, it contains a motif DMFDVDELL (Aguilar et al., 2014). The key motifs 

of these three proteins are highly similar (Figure 6. 12). The Dreb2a TAD even contains 

the sequence of DMFD. Therefore, AtMED25 is considered the primary candidate for 

interacting with DUO1. 

 

 
Figure 6. 12 Alignment of the TADs from AtDUO1, AtDreb2a, and VP16. 

All three TADs have a similar acidic/hydrophobic composition. AtDUO1 and Dreb2a TADs 

share the DMFD sequence, while VP16 keys residues include the sequence DDFD. The black 

box indicates the core TAD sequences. 

 

A Glutathion S-transferase (GST) pull-down assay was used to identify the MED25 for 

interacting with AtDreb2a and VP16 TAD (Aguilar et al., 2014). A similar approach 

could be devised to confirm the mediator complex involved in the activation by AtDUO1 

TAD. 

Erikina and Erkine (2016) introduced an interesting idea for the possible mechanism of 

the TADs, namely nucleosome distortion. The concept of conformational rearrangement 

for “induced-fit” has been established in many instances, like target DNA recognition 

and binding (Velmurugu, 2016), DNA repair (Ghodke et al., 2014), homologous 

recombination (Rambo et al., 2010, Savir and Tlusty, 2010), tRNA decoding (Savir and 

Tlusty, 2013), and enzyme-substrate interaction (Savir and Tlusty, 2007). 
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The activation ability of the DUO1ΔC3 can be explained by the “intrinsic structural 

disorder” for nucleosome distortion. In both plant and mammalian cells, this low affinity 

interaction allowed general transcription factors to move in. VP16 also contains an 

“unstructured region” for it to stabilize on the DNA and interact with HCF-1 and Oct-1 

(Liu et al., 1999, Wysocka and Herr, 2003). However, it does not explain how DUO1ΔC3 

managed to recruit the co-activator complexes, as it lacks any conceivable conservation. 

Maybe a much better explanation is, it does not. 

The mediators do not seem to interact with DNA directly, but instead is a part of the 

preinitiation complexes on the enhancer that pass on the signals from the transcription 

factor (activator or repressor) to the RNA pol II (Kornberg, 2007). As for now, there is 

no evidence of interaction between the mediator complexes and other general 

transcription factors (GTF) either. In other words, it is safe to considered that the 

mediators are recruited by specific transcription factors only. In the experiment, the 

removal of the TAD for AtDUO1 dramatically reduced the activation ability. This 

indicates that the TAD, or at least this 9aaTAD type, is able to induce high level of 

activation by the conventional method of recruiting mediators. Any disruption of the 

interaction between the TAD and the mediator complex would be an equivalent of an 

inhibition of the enhancer. 

Savir and Tlusty (2007) in his research of enzyme catalysis proposed deformations upon 

binding as a potential conformational proofreading mechanism for optimal specificity. 

The idea is that there is a conformational mismatch between the ligand and its main target 

in their intial encounter. A similar matching mechanism induced by conformational 

changes has also been reported recently for the human cannabinoid receptor CB1, which 

allows CB1 to bind to different types of molecules (Hua et al., 2016, Shao et al., 2016, 

Hua et al., 2017). This could explain why so many TADs look similar and function across 

kingdoms, as the intial interactions for recruiting other transcription co-activators like 

mediators can happen easily with very limited similarity. However, the following 

deformation proofreading plays a large role in the level of activation. This is only 

possible thanks to the flexibility provided by the intrisically disordered regions in the 

mediator subunits (Allen and Taatjes, 2015). Therefore, the AtDUO1 TAD has a better 

specificity for the plant (i.e. A. thaliana and N. tabacum) MED25, while TADs from 

other proteins like VP16 have reduced activation levels. In mammlian cells, VP16 TAD 

has the optimal specificity, while AtDUO1 TAD failed to pass the secondary test. 
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This hypothesis actually points away from the differences at the TADs regarding the 

activation level differences between different plant DUO1 proteins in the transient assays. 

The affinity of the NtMED25 to the SlDUO1A TAD is surely equal to or even higher 

than to the AtDUO1. Instead, the differences are derived from other regions. One of such 

a difference is the target sequences recognition and binding abilities of the MYB domains, 

which is demonstrated by the PpChimera and MpChimera experiments that even without 

a changed target sequence, the activation level can be reduced to half. Another one may 

lie in the linking region, which carries out the nucleosome distortion function. Thus only 

the AtDUO1 protein matches the AtDUO1 target promoter perfectly to allow these two 

interactions happen to the fullest extent.  

This also explains why the efforts to increase the activation ability of MpDUO1 did not 

prove successful. The linking region of MpDUO1 could not deform the AtDUO1 

promoter properly, but it does not need to do so to carry out its function in Marchantia 

polymorpha. The MpDUO1 TAD still has its activity (demonstrated by the reduced level 

in the DVFD → KVFK construct), and is optimised to the level which its linking region 

allows the binding of the GTFs. Therefore, as long as the linking region consists of the 

MpDUO1 sequence, the higher affinity between the TAD and the mediator cannot 

override the GTFs binding defect in the tests. In the case of MpDUO1ΔC3-AtAD, an 

additional 100 amino acids was attached after the MYB domain of MpChimera, resulted 

in a combination of MpDUO1 and AtDUO1 linking region sequences. This could lead to 

a reduced flexibility and thus completely disrupting the nucleosome distortion ability. 

However, it is important to note that this hypothesis is based on the “Occam’s Razor” 

principle with certain assumptions. Most importantly, it assumes that better affinity due 

to co-evolution would lead to higher activation level, which is not necessarily true. It is 

possible for a lower activity to be an intrinsic property being selected for in certain 

environment. The hypothesis would not be affected should this be the case, since the 

hypothesis explains the mechanism (how) while the evolution explains the reason (why). 

The related but more testable assumption is that for a transcription factor controlling a 

network involving many sets of genes, most angiosperm groups should have comparable 

levels of DUO1 targets expression (see Gene Dosage Hypothesis in Chapter 1). This in 

turn explains the experiment results as that DUO1 and its targets within the same species 

should have higher affinity than compared to the cross species interaction. This is also 

verifiable using the promoters from another species (e.g. Solanum lycoperiscum) and 
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then tested with AtDUO1 and SlDUO1A. The hypothesis predicts a reverse in the 

activation level differences. Another assumption testable is that the different DUO1 

proteins are expressed at the same level. This can be tested by attaching a GFP at the C-

terminus and then measure the florescent levels as described in this thesis. The overall 

hypothesis can be heuristically modified based on the results of these tests. 
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Chapter 7 Conclusions & Perspectives 

 

7.1 Summary 

In Arabidopsis thaliana, DUO1 is required for sperm cell cycle progression and cell 

differentiation. The expression of DUO1 is male germline-specific, subsequently its 

direct target genes such as DAZ1/2, HTR10, GCS1, GEX2, etc. are also male germline-

specific (Brownfield et al., 2009a). DUO1 and members of this network such as DAZ1 

have homologs in all land plants, indicating an entirely or partially conserved regulating 

network for the plant male germline (Borg et al., 2011). 

Understanding the evolution and conservation of the DUO1 function was the main aim 

of this thesis. In Chapter 3, sequence analysis of the DUO1 homologs collected revealed 

the relationship between the DUO1 and the GAMYB protein sister clades. Their 

divergence in the green algae Charophyta marked the emergence of the early DUO1 

proteins. As both clades are related to male reproduction in every known case, it is 

reasonable to suspect that the ancestral R2R3 MYB protein had a similar role in algae. 

In contrast to DUO1, GAMYB family members are not male germline proteins. Evidence 

suggests that the function of DUO1 is confined to male gamete development and linked 

to the sexual reproduction in the whole Streptophyta clade. This high specificity of 

function may have been responsible for the lack of proliferation in the DUO1 clade 

(Dubos et al., 2010). 

The protein sequence and tertiary structure differences in the MYB domain between 

DUO1, GAMYB, and ancestral R2R3 MYB proteins provided evidence of key changes 

in the region resulted in the divergence. It also suggested a secondary shift in target DNA 

recognition residues in the surviving Embryophyta, which has been fixed and maintained. 

The two events happened ca. 900 mya and 500 mya, respectively (Clarke et al., 2011, 

Magallon et al., 2013). The sequence of the C-terminal part indicated a third shift in the 

angiosperms, which dates to ca. 150 mya (Magallon et al., 2015, Foster et al., 2017). 

Functional tests agreed with the significance of the last two shifts. It was demonstrated 

that the MYB domain of all Embryophyta could recognise and bind to the same target 

DNA sequence. While all functional angiosperm DUO1 homologs were able to show a 
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comparable level of activation function to AtDUO1, bryophyte DUO1 homologs tested 

were unable to do so due to the C-terminal region differences. Interestingly, the miR159 

binding site in the MYB domain was acquired after the establishment of the core 

angiosperm group, even though the structural change happened right after the emergence 

of the early DUO1. It is clear that these two events happened independently, and the 

recruitment of the miR159 regulation at that site was a coincident. 

The extreme C-terminal end has a disproportionate importance on the activation ability 

of DUO1. Chapter 6 was dedicated to the understanding of the activation mechanism of 

DUO1 and how the changes from pre-angiosperms to angiosperms had led to the 

differences in the target activation. After the identification of some key residues, it was 

proposed that the DUO1 is part of the nine-amino-acid transactivation domain (9aaTAD) 

family (Piskacek et al., 2016). Resemblance to the known case of AtDreb2a and VP16 

TAD and further functional tests suggested that DUO1 TAD might use the same 

mechanism as these two, which involves other general transcription activators and the 

MED25-induced mediator complex (Aguilar et al., 2014). 

 

7.2 Streptophyta offers a case study for sexual reproduction 

There is a notorious high cost on sexual reproduction, or to be more precisely, anisogamy. 

This is the simple mathematics of a 50 % reduction on offspring that reproduce. Yet most 

branches of life have developed sexual reproduction independently. The most plausible 

answer available so far is the benefits of recombination (Burt, 2000). In addition to the 

increase of genetic variation, it also offers DNA repair and complementation. A faster 

rate of evolution gives a population more chances to take different niches. DNA repair 

allows an individual that suffers a faulty genome to survive, but this does not offer an 

advantage over asexual reproduction since in both case one functional and one faulty 

genome would produce one viable individual. Complementation on the other hand, can 

protect deleterious mutations from being eliminated that would provide fitness advantage 

in a changed environment, such as the famous case of the sickle-cell disease (Serjeant, 

2010). This resistance against parasites using sexual reproduction has been considered as 

a key adaptation (Hamilton et al., 1990, Morran et al., 2011). Opposite of this view that 

sexual reproduction drives more genetic variation, some has argued about its ability to 

clean out the harmful mutations within the population (Gorelick and Heng, 2011). 
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However, this again offers no advantage over asexual reproduction as deleterious 

mutations would be eliminated even faster, and therefore will not be further discussed 

here. The hypothesis that sexual reproduction creates more genetic variation and 

consequently expedite evolution agrees with the observation that sexual reproductive 

genes seem to evolve at a higher rate (Wilburn and Swanson, 2015). Although this 

hypothesis can be challenging to test empirically, advances in computer simulation are 

offering us more opportunities to explore this question (Stauffer et al., 2001).  

A more bizarre but nevertheless interesting question arise as to why independently 

evolved sexual reproduction systems are all exclusively binary (Czaran and Hoekstra, 

2004). To be specific, this discussion excludes a multiple mating type system that does 

not allow all gametes to randomly pair up, like certain harvest ants (Parker, 2004). The 

answer may lie in simple mathematics again, as shown in the case of Streptophyta. 

If all mating types are needed, a three-part system would sacrifice 66 % of the resources. 

Like in the animal kingdom, sexual reproduction has been reversed in several branches 

of Streptophyta like Zygnematales in this thesis, with its sexual reproduction genes 

degenerated. Exclusively self-pollinating species have also essentially traded genetic 

variation for reproduction success rate. Similar to the cases of many vertebrates but much 

more prevalently (Booth et al., 2011), plants favour sexual reproduction but also maintain 

the ability to reproduce asexually. These phenomena suggests that sexual reproduction 

has a slight edge after sacrificing the 50 % cost in general, enough for it to develop and 

proliferate during the history of evolution. However, a slight increase in its cost could 

make asexual reproduction more favourable, and more genetic variation (which is 

restricted by the DNA mutation rate) cannot overcome the disadvantage that only 33 % 

offspring can reproduce. 

If only two random types of many gametes are required in the system, polymorphism of 

the gametes are almost impossible to evolve. Previous models have predicted a common 

gamete dimorphism that provides a uniparental inheritance of cytoplasmic genes can 

offset the costs of mate searching. (Hurst, 1996). Therefore, the gamete dimorphism is 

also a key factor for the fitness increase in a sexual reproduction. 

It has been established that molecular changes can happen before the dimorphism of the 

gametes (Lipinska et al., 2013). In the case of Zygnematales, the sexual reproduction 

reversed to a more ancestral-like form, in which genetic materials are exchanged but 
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there is no gametes dimorphism. DUO1 is also degenerated in this branch. Although 

argument can be made for “male gametes” no longer exist, the GAMYB proteins does 

not show such signs. As shown in Chapter 4, DUO1 is essential for the morphogenesis 

in Marchantia polymorpha and A. thaliana. Could DUO1 be responsible for the 

dimorphism (in male, of course) in this entire clade? Further experimental evidence such 

as a knockout in algae like Chara is required before any judgement can be made. 

 

7.3 DUO1 sequence and structural conservation is not always 

associated with functional importance 

There are two regions of DUO1 that show a high conservation in protein sequence, 

namely the N-terminal MYB domain and the C-terminal TAD motifs. They carry out 

important functions: the MYB domain for target DNA sequence recognition and binding; 

the TAD for target gene activation. Certain crucial residues that are required for their 

functions have been identified previously and in this thesis. Catastrophic effects were 

observed by disrupting the tryptophans that form the MYB hydrophobic cores or the 

residues located on the third helices for DNA interaction (Borg, 2011). Similar 

detrimental effects were also demonstrated on changes of the TAD motifs conserved 

residues. However, the sequence and structural conservation does not always indicate a 

functional importance like a self-fulfilling prophecy, nor vice versa. 

The second helix of the R2 repeat contains a miR159 binding site in most angiosperms, 

and the specific helical structure was established since bryophytes. Interestingly, a switch 

at the site to a closely related MYB sequence did not show any negative effect on its 

function, although the helical structure changed to a more ancestral form. The recruitment 

of the microRNA regulation also happened much later in the evolution. In this case, the 

conservation does not conform to a functional importance. On the other hand, changing 

the diverse regions between the DUO1 and GAMYB protein in M. polymorpha failed to 

produce a MYB domain that binds to the same target sequence as DUO1. Similarly, 

switching the residues of the MpDUO1 TAD with the AtDUO1 TAD, or swapping the 

entire TAD region could not raise the target activation ability. These examples suggest 

that certain regions are functionally important but did not display any conservation 

observed in this study. This was further demonstrated by deleting the whole AtDUO1 
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TAD region, which resulted in a molecule that displayed a limited but measureable 

activation property (Borg, 2011). 

 

7.4 Regulation of the miR159 suggests a potential non-specific 

DUO1 promoter expression under abiotic stresses 

With the current understanding of the microRNA regulation on the target DNA 

transcriptions, the results are exceptionally puzzling and counterintuitive that the 

transgene of mAtDUO1 had a lower protein expression in planta compared to the 

AtDUO1.  

Assuming the observation was caused by the miR159 regulation, the simplest 

explanation with available clues is the “bottleneck effect” or “survivorship bias” as 

discussed in Chapter 5. This hypothesis is based on the highly detrimental effect of the 

ectopically expressed DUO1 (Palatnik et al., 2007, Brownfield et al., 2009a). The 

promoter of DUO1 is considered to be male germline-specific (Rotman et al., 2005). In 

this particular case, the ectopic expression could be the result of the undesired yet 

frequently observed transgene promoter leakage. Alternatively, the DUO1 promoter 

could have a weak expression induced by certain stress conditions at an early stage. The 

ancestral branch of miR159, the miR319 is known to respond to the abiotic stress 

(Barciszewska-Pacak et al., 2015).  

This would also explain the rise of the miR159 binding site in angiosperms. Pre-

angiosperm DUO1 homologs do not have the high level of activation abilities observed 

in their angiosperm counterparts, and they also have a different gene network since genes 

such as GCS1 is not under the regulation of DUO1 in M. polymorpha (Higo, unpublished). 

These factors make them potentially less toxic when ectopically expressed. After the 

fine-tuning of the TAD, this feature became slightly deleterious and the miR159 binding 

site quickly evolved (from the first angiosperm ca. 150 mya to the first core angiosperm 

ca. 140 mya).  

This hypothesis gives an example of the possibility that expression increase in vivo are 

not always caused by positive regulators, but sometimes by troubles with inhibitors.  
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7.5 The diversity of the transactivation domains could be an 

inevitable consequence of evolution as demonstrated by DUO1 

The transactivation ability of DUO1 across the eukaryotic kingdoms added another case 

into such generic transcription regulators. It is counterintuitive that the highly 

polymorphic linking region would be a fundamental part for the cross-kingdom target 

activations, even compared to the intrinsic disorder of the mediator complexes (Allen 

and Taatjes, 2015). The fact that random pieces of molecules can carry out such an 

important biological function is fascinating yet hard to explain (Erkina and Erkine, 2016). 

That being said, this phenomenon does seem to agree with the trending idea among 

biophysicists that life is just the consequence of thermodynamics (Horowitz and England, 

2017, Kachman et al., 2017). This “whatever works” or “life finds a way” approach is 

the reason why we have seen divergent, parallel, and convergent evolution throughout 

the history of life (Arendt and Reznick, 2008). This goes from as simple as different 

Arabidopsis thaliana lineages adapting to local climate (Stearns and Fenster, 2013), to 

as complex as cephalopod and human evolved cognitive ability and potentially 

consciousness separately (Vitti, 2013), or the sexual reproduction in different lineages 

discussed above. An example exists even in this thesis, where DUO1 and GAMYB 

converged in recruiting miR159 for regulation separately. 

After almost a billion years of evolution, DUO1 has fine-tuned its DNA binding and 

target activation ability presumably by co-evolving with other parts of the general 

transcription machinery. However, the core components of DUO1 should have been able 

to bind to the DNA and activate the targets when first evolved in the Charophyta algae. 

Like other randomly acquired TADs, this molecule was improved heuristically and any 

disruption would lead to purification. Now elaborated in fine details, these TADs look 

unchangeable during the course of evolution, but at their cores are simply the parts that 

recognise the DNA and start transcription, which will work in any cell using a similar 

machinery. In the case of this thesis, any eukaryotic cell would satisfy such a condition. 

 

7.6 Future work 

DUO1 is a master regulator of plant male germline development. However, the network 

in which DUO1 functions remains elusive (Borg et al., 2011). Some effort has been put 
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into the downstream transcription factors DAZ1 and DAZ2 (Borg et al., 2014), yet few 

other relationships between DUO1 and its targets have been studied. Therefore, such 

interactions like DUO1-GCS1 or DUO1-GEX2 should be the main focus of any future 

studies. 

That being said, there are some questions still left unanswered about DUO1 itself. The 

experiments proposed in the discussions of each chapter would resolve some of the issues. 

The algal (e.g. Chara, Spirogyra) DUO1 homologs can be tested using the in planta 

complementation and transient assays, or with the chimeric molecule approach described 

in Chapter 4. These tests will provide better understanding of the original functions of 

DUO1 and its link to the male fertility. By detecting the transcripts of the mDUO1 in the 

WT or DUO1 in the miR159abc mutant Arabidopsis thaliana, the DUO1 promoter 

specificity can be confirmed. The Glutathione S-transferase (GST) pull-down assay can 

be deployed to identify the mediator complex involved in the DUO1 transcriptional 

regulations, like the study of the AtDreb2a (Aguilar et al., 2014). 
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Appendix 

Table A 1 Sequence of primers used 

Primer name 5'-3' sequence 

attB1F adaptor GGGGACAAGTTTGTACAAAAAAGCAGGCT 

attB2R adaptor GGGGACCACTTTGTACAAGAAAGCTGGGT 

attB2F adapter GGGGACAGCTTTCTTGTACAAAGTGG 

attB3R adapter GGGGACAACTTTGTATAATAAAGTTG 

attB4F adapter GGGGACAACTTTGTATAGAAAAGTTG 

attB1R adapter GGGGACTGCTTTTTTGTACAAACTTG 

M13F GTAAAACGACGGCCAG 

M13R CAGGAAACAGCTATGAC 

T7 AATACGACTCACTATAGGG 

SP6 Promoter R ATTTAGGTGACACTATAG 

BGH Reverse TAGAAGGCACAGTCGAGG 

H2B-att1F AAAAAGCAGGCTCAATGGCGAAGGCAGATAAGAAACC 

H2B-att2R AGAAAGCTGGGTCCCAGCTCCAGCAGAACTCGTAAAC 

GFP-attB2F TCTTGTACAAAGTGGAAATGAGTAAAGGAGAAGAACTT 

GFP-attB3R TGTATAATAAAGTTGTTATTTGTATAGTTCATCCATGCC 

RFP-attB2F TCTTGTACAAAGTGGCGATGGTGAGCAAGGGCGAGGAGG 

RFP-attB3R TGTATAATAAAGTTGTTTACTTGTACAGCTCGTCCATGC 

AtDUO1-fullatt1F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGGAAGCGAAGAA

GGAAG 

AtDUO1-fullatt2Rns 
GGGGACCACTTTGTACAAGAAAGCTGGGTAAGGACTTGGGATTGG

ATCAAC  

AtDUO1-fullatt2Rs 
GGGGACCACTTTGTACAAGAAAGCTGGCTAAGGACTTGGGATTGG

ATCAAC  

promDUO1-attB4F TGTATAGAAAAGTTGACGTCCGAAGTTTCCCTCTTGG 
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promDUO1-attB1R TTTTGTACAAACTTGCGCTAATCGATCTCTCTCTCG 

LlDUO1-attB1F AAAAAGCAGGCTCGATGGAAGGAGGAGCTGGAG 

LlDUO1-attB2R ACAAGAAAGCTGGGTTCAACCCGGCGGAGGATCCTCC 

MpDUO1-attB1F ACAAAAAAGCAGGCTCTATGAAAACGATTCAAAACGG 

MpDUO1-

attB2Rstop 
ACAAGAAAGCTGGGTACTAGGTTGCCCGACTGAGTTAA 

MpDUO1-

attB2Rnostop 
ACAAGAAAGCTGGGTAGGTTGCCCGACTGAGTTAA 

ZmDUO1A-attB1F ACAAAAAAGCAGGCTCTATGGCTCGACCACCTGG 

ZmDUO1A-

attB2Rns 
ACAAGAAAGCTGGGTAGCTCGTCGCAGGCGG 

ZmDUO1A-attB2Rs ACAAGAAAGCTGGGTACTAGCTCGTCGCAGGCGG 

AtDUO1-Chimera-F CATAACTCCTCTGATGCATCG 

PpDUO1-Chimera-R GCATCAGAGGAGTTATGCAGAGCTCGCAGGATCC 

MpDUO1-Chimera-

R 
GCATCAGAGGAGTTATGCAGTGCGCGCAATATGC 

AtDUO1∆C2-

attB2Rs 
ACAAGAAAGCTGGGTCCTAGACTTCATCACCAACTTG 

AtDUO1∆C1-

attB2Rs 
ACAAGAAAGCTGGGTCCTAGTCAAGTCTAGCCAAAAGC 

AtDUO1∆C2-

attB2Rns 
ACAAGAAAGCTGGGTCGACTTCATCACCAACTTG 

AtDUO1∆C1-

attB2Rns 
ACAAGAAAGCTGGGTCGTCAAGTCTAGCCAAAAGC 

AtDUO1∆C3-

attB2Rns 
ACAAGAAAGCTGGGTCCTTTGAAACATGTCTGCATC 

AtDUO1∆C3-

attB2Rs 
ACAAGAAAGCTGGGTCTCACTTTGAAACATGTCTGCATC 

VP16-attB2-R ACAAGAAAGCTGGGTCCTACCCACCGTACTCGTCAATTCC 

VP16ns-attB2R ACAAGAAAGCTGGGTCCCCACCGTACTCGTCAATTCC 

AtDUO1 C-ter 

KMFK 1 
GGATCAACCTGCTTAAACATCTTAGCTGGG 

AtDUO1 C-ter 

KMFK 2 
AGGACTTGGGATTGGATCAACCTGCTTA 

AtDUO1 C-ter FDSL 

1 
GGGATTGGATCGAGGGAATCAAACATG 

AtDUO1 C-ter FDSL 

2 
ACAAGAAAGCTGGGTAAGGACTTGGGATTGGATC 
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AtDUO1 C-ter FLSG 

1 
CATGTCAGCTGGGAAGCCCGATAAGAAAAC 

AtDUO1 C-ter FLSG 

1 
GGGATTGGATCAACCTGATCAAACATGTCAGC 

MpDUO1 C-ter 

VIDD F 
GATAGCGTCATCGACGATTTTGCAGCAG 

MpDUO1 C-ter 

VIDD R 
CTGCTGCAAAATCGTCGATGACGCTATC 

MpDUO1 C-ter 

FDQV F 
GTGTTTGACCAGGTTGAGCCCCTC 

MpDUO1 C-ter 

FDQV R 
GAGGGGCTCAACCTGGTCAAACAC 

MpDUO1 C-ter 

KVFK F 
CTTTGCAGCAAAGGTGTTTAAGTCCCTCG 

MpDUO1 C-ter 

KVFK R 
CGAGGGACTTAAACACCTTTGCTGCAAAG 

AtDUO1 C-terminus 

F 
GATGAAGAAGCTGATG 

MpDUO1/AtC-

terminus R 
CATCAGCTTCTTCATCACTCAGTCGGGCAACCCAC 

MpDUO1∆C1/AtC-

terminus R 
ACAAGAAAGCTGGGTACCGGGCTACAAGAGTC 

MpDUO1∆C2/AtC-

terminus R 
CATCAGCTTCTTCATCGTCTTGTCCTCCATCAGTTC 

MpDUO1∆C3/AtC-

terminus R 
GCATCAGAGGAGTTATGCTGGCTGAAATCGGAATC 

MpDUO1∆C4/AtC-

terminus R 
CATCAGCTTCTTCATCCGGGCTACAAGAGTC 

MpDUO1∆C4/AtC-

terminus F 
GGAAGGGTCTTGGATGATC 

promHTR10-attB4F TGTATAGAAAAGTTGTGTTGGCCTATCACGTTGAA 

promHTR10-attB1R TTTTGTACAAACTTGTTCTTCGAGAGAACGATGATG 

promDAZ1-attB4F  TGTATAGAAAAGTTGAAGTGGCACAAACCAACCC 

promDAZ1-attB1R TTTTGTACAAACTTGTATTATTGAGTCTCTTACTAGAG 

pLeics13-

promHTR10:FireLuc

-F 

TACGGGCCAGATATACGCTGTTGGCCTATCACGTTGAA 

pLeics13-

promHTR10:FireLuc

-R 

GACGGAGCTCGAATTTCATTACAATTTGGACTTTCCGCCCT 

pLeics12-AtDUO1-F AGGGAGACCCAAGCTTGGTACCATGGAAGCGAAGAAGGAAG 

pLeics12-AtDUO1-R GACGGAGCTCGAATTTCAAGGACTTGGGATTGGATCAAC 

pLeics12-

AtDUO1∆C3-R 
GACGGAGCTCGAATTTCACTTTGAAACATGTCTGCATC 
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pLeics12-

AtDUO1∆C3VP16-

R 

GACGGAGCTCGAATTTCACCCACCGTACTCGTCAATTCC 

PpDUO1A-TA-5'-F AAAAGGATCCAAATGCAGAATGCTCAGATACATA 

PpDUO1A-TA-5'-R AAAACTCGAGTTGCAAGAAGCCAATCTCATGACA 

PpDUO1A-TA-3'-F AAAAGCGGCCGCGGCTTAATTACCATAACAATGTGC 

PpDUO1A-TA-3'-R AAAATTAATTAAAAATCTACTCCTCTTTTGTCTACC 

PpDUO1B-TA-5'-F AAAAAAGCTTAAATCCATGGCGCCGACAGCTTCC 

PpDUO1B-TA-5'-R AAAACTCGAGTTTGTTTGACCCTGAACCTCCTTG 

PpDUO1B-TA-3'-F AAAAGCGGCCGCTCCAACAACACCAGCAGCAA 

PpDUO1B-TA-3'-R AAAATTAATTAAAAATTCACATGCATACATAGAAGT 

 

Table A 2 Credits for the photographs of the plants 

Species Source 

Spirogyra Michael Reese Much FRMS EMS Bethlehem, Pennsylvania, 

USA. www.photomacrography.net Forum 

Index -> Photography Through the Microscope 

Marchantia polymorpha NatureSpot. www.naturespot.org.uk/species/marchantia-

polymorpha 

Selaginella moellendorffii Lorek, M. 2017. 

http://www.tropengarten.de/Pflanzen/selaginella-

moellendorffii.html 

Picea abies Trees Planet. treesplanet.blogspot.co.uk/2016/05/picea-abies-

norway-spruce.html 

Amborella trichopoda Scott Zona. www.flickr.com/photos/scottzona/ 

Oryza sativa James Steakley, Wikimedia Commons, Creative Commons 

Attribution-Share Alike 3.0 Unported license. 

commons.wikimedia.org/wiki/File:Oryza_sativa_(DITSL).JPG 

Arabidopsis thaliana Dawid Skalec, Wikimedia Commons, Creative Commons 

Attribution-Share Alike 4.0 International license. 

commons.wikimedia.org/wiki/File:Arabidopsis_thaliana_2.jpg 

http://www.photomacrography.net/forum/index.php?sid=c4543756ff3b73bb61c2cf9b29e185b9
http://www.photomacrography.net/forum/index.php?sid=c4543756ff3b73bb61c2cf9b29e185b9
http://www.photomacrography.net/forum/index.php?sid=c4543756ff3b73bb61c2cf9b29e185b9
http://www.photomacrography.net/forum/index.php?sid=c4543756ff3b73bb61c2cf9b29e185b9
http://www.photomacrography.net/forum/viewforum.php?f=14&sid=c4543756ff3b73bb61c2cf9b29e185b9
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Table A 3 Positive selection test results in Poales 

Clade Model (clades): type 0 – background; type 1 – foreground (green box) 

site class 0 1 2 

proportion 0.71990 0.25787 0.02223 

branch type 0 0.04642 1.00000 4.09636 

branch type 1 0.04642 1.00000 4.18866 

Branch-Site Model (individual branches) / Null hypothesis tests 

22-7 PviDUO1B 

site class 0 1 2a 2b 

proportion 0.00000 0.00000 0.90022 0.09978 

background ω 0.05689 1.00000 0.05689 1.00000 

foreground ω 0.05689 1.00000 63.43497 63.43497 

24-17 ZmaDUO1C 

site class 0 1 2a 2b 

proportion 0.88376 0.09485 0.01931 0.00207 

background ω 0.05585 1.00000 0.05585 1.00000 

foreground ω 0.05585 1.00000 5.24890 5.24890 

26-3 OsaDUO1 

site class 0 1 2a 2b 

proportion 0.88005 0.08628 0.03066 0.00301 

background ω 0.05681 1.00000 0.05681 1.00000 

foreground ω 0.05681 1.00000 40.58886 40.58886 

 PST PST null 2Δ P Value 

22-7 -1886.41708 -1886.51235 0.190538 0.662469 

24-17 -1885.64009 -1886.24716 1.21414 0.270514 

26-3 -1881.89959 -1886.99430 10.18942 0.001412 
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Table A 4 Accession numbers and sources of DUO1 homolog sequences 

Species Gene name Source Gene Name (Based on the Source) 

Amaranthus hypochondriacus AhyDUO1A Phytozome AHYPO_006386 
 AhyDUO1B Phytozome AHYPO_014958 

Amborella trichopoda AtrDUO1 NCBI LOC18442583 

Ananas comosus AcoDUO1 Phytozome Aco012841 

Aquilegia caerulea AcaDUO1A Phytozome Aquca_002_00029.1 
 AcaDUO1B Phytozome Aquca_081_00025.1 

Arabidopsis halleri AhaDUO1 Phytozome Araha.58829s0002.1 

Arabidopsis lyrata AlyDUO1 Phytozome 486519 

Arabidopsis thaliana AthDUO1 TAIR AT3G60460.1 

Boechera stricta BstDUO1 Phytozome Bostr.13158s0042 

Brachypodium distachyon BdiDUO1 Phytozome Bradi5g17600.1 

Brassica rapa BraDUO1A Phytozome Brara.G01884.1 
 BraDUO1B Phytozome Brara.I04172.1 

Capsella grandiflora CgrDUO1 Phytozome Cagra.3527s0008.1 

Capsella rubella CruDUO1 Phytozome Carubv10019483m  

Carica papaya CpaDUO1 Phytozome evm.model.supercontig_37.96 

Citrus clementina CclDUO1 Phytozome Ciclev10021345m 

Citrus sinensis CsiDUO1 Phytozome orange1.1g038795m 

Cucumis sativus CsaDUO1 Phytozome Cucsa.094180.1 

Daucus carota DcaDUO1 Phytozome DCAR_029776 

Eucalyptus grandis EgrDUO1 Phytozome Eucgr.E01581.1 

Fragaria vesca FveDUO1A Phytozome mrna04800.1 
 FveDUO1B Phytozome mrna12261.1 

Glycine max GmaDUO1A Phytozome Glyma03g26830.2 
 GmaDUO1B Phytozome Glyma07g14480.1 
 GmaDUO1C Phytozome Glyma09g00371.1 
 GmaDUO1D Phytozome Glyma12g37026.1 

Gossypium raimondii GraDUO1 Phytozome Gorai.004G165400.1 

Kalanchoe fedtschenkoi KfeDUO1A Phytozome Kaladp0068s0290.1 
 KfeDUO1B Phytozome Kaladp0079s0022.1  
 KfeDUO1C Phytozome Kaladp0103s0001.1 

Kalanchoe laxiflora KlaDUO1A Phytozome Kalax.0004s0050.1 
 KlaDUO1B Phytozome Kalax.0021s0115.1 
 KlaDUO1C Phytozome Kalax.0415s0009.1 
 KlaDUO1D Phytozome Kalax.0473s0007.1 
 KlaDUO1E Phytozome Kalax.0755s0018.1 

Lilium longiflorum LloDUO1 cDNA N/A 

Linum usitatissimum LusDUO1 Phytozome Lus10009780 

Malus domestica MdoDUO1 Phytozome MDP0000237596 

Manihot esculenta MesDUO1A Phytozome cassava4.1_021857m 
 MesDUO1B Phytozome cassava4.1_022856m 

Medicago truncatula MtrDUO1 Phytozome Medtr8g006470.1 

Mimulus guttatus MguDUO1A Phytozome mgv1a012916m 
 MguDUO1B Phytozome mgv1a022833m 
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Marchantia polymorpha MpoDUO1 Phytozome Mapoly0019s0071.1 

Musa acuminata MacDUO1 Phytozome GSMUA_Achr1G01660_001 

Nicotiana tabacum NtaDUO1 NCBI LOC107810051 

Oropetium thomaeum OthDUO1 Phytozome Oropetium_20150105_12296A 

Oryza sativa OsaDUO1 Phytozome LOC_Os04g46384.1 

Panicum hallii PhaDUO1A Phytozome Pahal.G01829.1 
 PhaDUO1B Phytozome Pahal.F00780.1 

Panicum virgatum PviDUO1A Phytozome Pavirv00018278m 
 PviDUO1B Phytozome Pavirv00041069m 
 PviDUO1C Phytozome Pavirv00015512m 
 PviDUO1D Phytozome Pavirv00020433m 

Phaseolus vulgaris PvuDUO1A Phytozome Phvul.010G053200.1 
 PvuDUO1B Phytozome Phvul.011G215300.1 

Physcomitrella patens PpaDUO1A Ensembl Plant PP1S16_281V6 
 PpaDUO1B Ensembl Plant PP1S114_136V6 

Picea abies PabDUO1 Congenie.org MA_130648g0010 

Populus trichocarpa PtrDUO1A Phytozome Potri.002G140900.1 
 PtrDUO1B Phytozome Potri.014G054700.1 

Prunus persica PpeDUO1A Phytozome ppa016603m 
 PpeDUO1B Phytozome ppa020326m 

Ricinus communis RcoDUO1 Phytozome 30174.m008784 

Salix purpurea SpuDUO1A Phytozome SapurV1A.0033s0200 
 SpuDUO1B Phytozome SapurV1A.0490s0170 

Selaginella moellendorffii SmoDUO1A Ensembl Plant SELMODRAFT_39442 
 SmoDUO1B Ensembl Plant SELMODRAFT_80215 

Setaria italica SitDUO1A Phytozome Si012032m 
 SitDUO1B Phytozome Si015815m 

Solanum lycopersicum SlyDUO1A Phytozome Solyc01g090530.1.1 
 SlyDUO1B Phytozome Solyc10g019260.1.1 

Solanum tuberosum StuDUO1 Phytozome PGSC0003DMG400025720 

Sorghum bicolor SbiDUO1A Phytozome Sb06g024510.1 
 SbiDUO1B Phytozome Sb07g027160.1 

Sphagnum fallax SfaDUO1 Phytozome Sphfalx0015s0253.1 

Spirodela polyrhiza SpoDUO1 Phytozome Spipo7G0012500 

Thellungiella halophila ThaDUO1 Phytozome Thhalv10006475m 

Theobroma cacao TcaDUO1A Phytozome Thecc1EG014872t1 
 TcaDUO1B Phytozome Thecc1EG005653t1 

Trifolium pratense TprDUO1 Phytozome Tp57577_TGAC_v2_gene24946 

Triticum aestivum TaeDUO1A Phytozome Traes_2BL_855A1170C.1 
 TaeDUO1B Phytozome Traes_2AL_0A21FB42C.1 
 TaeDUO1C Phytozome Traes_2DL_912473A86.1 

Vitis vinifera VviDUO1 Phytozome GSVIVT01018234001 

Zea mays ZmaDUO1A Phytozome GRMZM2G105137_T01 
 ZmaDUO1B Phytozome GRMZM2G046443_T01 
 ZmaDUO1C Phytozome GRMZM2G311059_T01 

Zostera marina ZmaDUO1 Phytozome Zosma38g00960 
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Figure A 1 Parameters for the two protein models of the DUO1 MYB domain. 
The models were generated using SWISS-MODEL based on the template 1h8a.1.C. A single 

amino acid alignment difference at the B region (GCK) resulted in two different models. 

 

 

Figure A 2 Spirogyra GAMYB homologs that show no sign of degeneration. 
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Figure A 3 DUO1 homolog expression patterns from BAR website. 
These include DUO1 homologs from Solanum lycopersicum, Vitis vinifera, and Oryza sativa. 

They all show a male tissue specific expression. 

 

 

Figure A 4 Independent repeat of Physcomitrella patans DUO1 homologs. 
The homologs were tested in the transient assays using the AtHTR10 promoter. The results were 

similar to the ones shown in Chapter 4. Experiments conducted by Mikhaela Neequaye. 
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 Forward Reverse Size in WT Size in 

PpDUO1A_KO 

WT  AL006  
acatgcatcgaaaaagaacg  

AL007  
tttgttctggctgcatcatt  

1127 bp  -  

G418 casette  CR7  

CGAGCTCGAATTCCCATGGA  

CT8  

GCAAGGTGAGATGACAGGAGAT  

-  1005 bp  

5´integration  AL006  
acatgcatcgaaaaagaacg  

oAT44  
TACGGCGAGTTCTGTTAGGTC  

-  1100 bp  

3´integration  AL028  

AGGGTTTCGCTCATGTGTTG  

AL008  

caatagataccgttatacaaact  

-  1145 bp  

Full  AL006  
acatgcatcgaaaaagaacg  

AL008  
caatagataccgttatacaaact  

4343 bp  3753 bp 

 

 

 

Figure A 5 Genotyping of knockout in moss. 
The genotyping was designed and carried out by the collaborator Dr Ann-Cathrin Lindner from 

Jörg Becker’s group in IGC, Portugal. 
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Figure A 6 GFP signals of the C-terminus variants. 
No obvious differences in the GFP expression level was observed for these variants. Similar 

results were found in the MpDUO1 variants. 

 

 

Figure A 7 The activation ability of VP16 for the AtDAZ1 promoter. 
As was shown in the case of HTR10 promoter in the transient assay, VP16 was able to rescue the 

activation defect of the AtDUO1ΔC3 variant. 
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